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ABSTRACT

Carter, Benjamin, C. Ph.D., Purdue University, December 2016. CHD Chromatin
Remodelers Promote Epigenetic Control of Development in Arabidopsis thaliana. Major
Professor: Joe Ogas.
Chromatin remodeling is a vital biological process that facilitates activation and repression
of gene expression as well as compaction of large eukaryotic genomes into compact nuclei.
The CHD3 family of chromatin remodelers play key roles as epigenetic modifiers and
transcriptional regulators in both plants and animals. PKL is a CHD3 remodeler that
represses expression of seed genes during germination in Arabidopsis. Unlike animal
CHD3 remodelers, PKL does not function as a member of a multi-subunit Mi-2 NuRD
complex. Instead, PKL acts as a monomer in vivo and promotes the epigenetic modification
H3K27me3, which is associated with transcriptional repression of tissue-specific genes by
the PRC2. Thus, PKL plays an important role in promoting tissue identity by facilitating
deposition and/or maintenance of H3K27me3.
Many questions remain about how PKL facilitates expression of developmentally
regulated genes. For example, PKL is necessary for repression of seed genes after
germination, but its contributions to development in the seed and to other aspects of
reproduction are comparatively unknown. To address these questions, we investigated the
role of PKL and its seed-specific paralog PKR2 in reproductive development in
Arabidopsis. We identified new roles for PKL in multiple reproductive processes in the
maternal plant including pollen tube growth, development of the female gametophyte, and
in specification of seed size. Interestingly, PKR2 appears to act antagonistically with
respect to PKL in regards to seed size, revealing a novel interaction between these genes
in the developing seed.
Another aspect of PKL activity that is poorly understood is its role in transcriptional
activation: recent studies have indicated that PKL is involved in activation of H3K27me3-
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enriched loci through an unknown mechanism. We are undertaking a novel forward genetic
screen using the inducible PKL-GR construct to identify additional pathways by which
PKL activates or represses gene expression. From a similar screen, we have determined
that PKL acts in the same pathway as does the SWR1 ortholog PIE1, which is necessary
for deposition of the histone variant H2A.Z in Arabidopsis. H2A.Z promotes gene
inducibility in response to internal and external stimuli. RNA-seq analysis of pkl seedlings
reveals that PKL is necessary for expression of stress response genes. Further, ChIP
analyses indicate that PKL, like PIE1, can promote H2A.Z levels in chromatin. Taken
together, these results reveal a new epigenetic pathway associated with PKL and implicate
PKL in the regulatory mechanisms that govern expression of stress response genes.
We have undertaken a variety of additional analyses to investigate the contributions
of PKL and H3K27me3 to development in Arabidopsis. We have identified a potential link
between the PKL pathway and H3K56ac, an epigenetic modification that is known to
interact with the H2A.Z pathway in S. cerevisiae. Further, we are undertaking a domain
deletion analysis of PKL to identify domains of sequence conservation that are important
for targeting and/or activity of the PKL chromatin remodeler. Finally, we have collaborated
with Dr. Stan Gelvin to identify a role for H3K27me3-related processes in determining
susceptibility to Agrobacterium-mediated transformation of Arabidopsis. This provides a
potential new avenue of investigation into methods of increasing transformation efficiency
in plants.
As a whole, the research detailed in this thesis advances our understanding of the
role of PKL in plant reproduction and of the epigenetic pathways by which PKL affects
expression of developmentally important genes. Further, our mutant screen has identified
enhancer of pkl lines that will serve as the basis for future investigations into the
developmental and epigenetic pathways in which PKL acts.
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CHAPTER 1. INTRODUCTION

1.1

Chromatin Remodelers

Chromatin remodelers are enzymes that alter the structure of chromatin. Different families
of remodelers possess disparate activities, including modifying the interaction between
DNA and the nucleosome, repositioning the nucleosome relative to the DNA strand,
assembling or ejecting nucleosomes from chromatin, and facilitating deposition or removal
of histone modifications and histone variants (Clapier and Cairns, 2009; Han et al., 2015;
Zhou et al., 2016). These enzymes facilitate compaction of the approximately two-meterlong human genome by 200,000-fold to fit within the nucleus of a cell, which is only 5 µm
in diameter on average. In addition to spatial compaction of the genome, chromatin
remodelers are necessary for many of the cellular processes that allow development and
differentiation to occur, such as transcriptional regulation, activation and repression of gene
expression, and DNA replication and repair (Clapier and Cairns, 2009; Hargreaves and
Crabtree, 2011; Murawska and Brehm, 2011). Consequently, mutations in genes coding
for chromatin remodelers have been implicated in many disease states, including multiple
carcinomas (Ko et al., 2008; Li and Mills, 2014; Skulte et al., 2014).
There are four major families of ATP-dependent chromatin remodelers (Clapier
and Cairns, 2009). Each family possesses different domain architectures and biological
functions. The SWI/SNF family of remodelers was identified as transcriptional activators
that alter chromatin structure in S. cerevisiae (Hirschhorn et al., 1992). Examples of this
class of remodelers include yeast SWI/SNF, Drosophila brahma, human BRG1, and yeast
RSC (Cairns et al., 1996; Hirschhorn et al., 1992; Khavari et al., 1993; Tamkun et al., 1992).
SWI/SNF remodelers are capable of repositioning and ejecting nucleosomes from
chromatin, but are not known to assemble new nucleosomes (Clapier and Cairns, 2009;
Mohrmann and Verrijzer, 2005). The ISWI family, in contrast, promotes nucleosome
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assembly, and can convert a disordered sequence of nucleosomes into an evenly-spaced
array (Clapier and Cairns, 2009; Langst and Becker, 2001). ISWI remodelers were
identified in Drosophila, and can activate or repress gene transcription (Corona and
Tamkun, 2004; Elfring et al., 1994). Examples of ISWI remodelers include Drosophila
ISWI, human and mouse SNF2h, and yeast ISWI1 and ISWI2 (Elfring et al., 1994; Lazzaro
and Picketts, 2001; Tsukiyama et al., 1999). Like the SWI/SNF family, ISWI remodelers
generally function as members of large, multi-subunit complexes (Corona and Tamkun,
2004; Mohrmann and Verrijzer, 2005).
The research detailed in this thesis primarily concerns the remaining two classes of
remodelers: the CHD family and the SWR1/INO80 family. CHD proteins are a family of
chromatin remodelers whose name is derived from several domains of sequence
conservation: tandem Chromodomains, an ATPase/Helicase domain, and a domain
exhibiting sequence similarity with DNA-binding domains. CHD remodelers were initially
identified in mice as possible regulators of gene expression and chromatin compaction
(Delmas et al., 1993). The CHD family plays diverse roles in gene expression and
development in both animals and plants (Gentry and Hennig, 2014; Hall and Georgel, 2007;
Micucci et al., 2015). One mechanism by which CHD remodelers contribute to regulation
of gene expression is through facilitating changes in epigenetic marks on chromatin, such
as DNA methylation or post-translational modification of histone tails (Egan et al., 2013;
Pray-Grant et al., 2005; Ramirez et al., 2012; Zhang et al., 2008).
CHD remodelers are grouped into multiple subfamilies (Ho et al., 2013; Murawska
and Brehm, 2011). The first subfamily includes CHD1 and CHD2 (Murawska and Brehm,
2011). Notably, Chd1p is the only CHD-family chromatin remodeler that is present in the
yeast model organisms S. cerevisiae and S. pombe. CHD1 acts primarily as a monomer,
which is atypical for an ATP-dependent chromatin remodeler (Petty and Pillus, 2013). In
Drosophila, CHD1 is important for fertility due to its role in incorporating histone H3.3 in
the male pronucleus after fertilization (Konev et al., 2007). In mice, Chd1 is required for
maintenance of pluripotency in embryonic stem cells, and knockdown of Chd1 results in
accumulation of heterochromatin (Gaspar-Maia et al., 2009). It was also shown that Chd1
exerts a mild effect on the patterns of the H3K4me3 and H3K36me3 histone modifications,
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likely due to its effects on turnover of histone H3 (Radman-Livaja et al., 2012). CHD2 is a
member of subfamily I found in vertebrates that has been linked to a number of disease
states in humans (Kulkarni et al., 2008; Pinto et al., 2016; Suls et al., 2013). It is not as
well-characterized as CHD1, but recent studies have implicated human CHD2 as a
nucleosome assembly factor like CHD1 (Liu et al., 2015). Further, CHD2 induces
chromatin expansion and H3.3 deposition at the site of DNA damage in cooperation with
PARP1 (Luijsterburg et al., 2016; Rajagopalan et al., 2012).
Subfamily II of CHD remodelers includes CHD3, CHD4, and CHD5 in vertebrates
(Hall and Georgel, 2007; Ho et al., 2013; Murawska and Brehm, 2011). This subfamily is
characterized by the presence of a PHD zinc finger, a domain commonly found in proteins
associated with chromatin (Bienz, 2006; Woodage et al., 1997). Remodelers of this class
often function as members of transcriptionally repressive, multi-subunit Mi-2/NuRD
complexes, which link DNA methylation to histone deacetylation in animals (Wade et al.,
1999; Xue et al., 1998; Zhang et al., 1998). These NuRD complexes are critical for animal
development and are important tumor suppressors (Basta and Rauchman, 2015; Torchy et
al., 2015). Animals lacking CHD subfamily II remodelers exhibit deprepression of
developmentally regulated genes, such as those associated with germline lineages,
embryonic identity, and neuronal development (Gnanapragasam et al., 2011; Unhavaithaya
et al., 2002; Yamasaki and Nishida, 2006). However, there are instances where animal
CHD3 remodelers likely act independently of NuRD complexes, such as during the DNA
damage response (Kunert et al., 2009; Murawska et al., 2011; O'Shaughnessy and Hendrich,
2013).

1.2

CHD Subfamily II Remodelers in Arabidopsis

Relatively little is known about CHD remodelers in plants as compared to animals. The
angiosperm model organism Arabidopsis thaliana possesses three genes that code for
CHD3-family chromatin remodelers (Ho et al., 2013). These remodelers possess the
domains of sequence conservation found in human CHD3, suggesting functional
similarities (Figure 1.1). By far the most well-studied of these is PKL, a CHD3-family
protein so named due to the green, tuberous “pickle roots” that form in seedlings carrying
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loss-of-function mutations at this locus (Ogas et al., 1997). The biological roles of two
related remodelers, PICKLE RELATED 1 (PKR1) and PKR2, are poorly understood.
PKR2 is unusual amongst the CHD3 family of remodelers in that it lacks the characteristic
PHD zinc finger, though phylogenetic analysis places it in the CHD3 family (Ho et al.,
2013). While both PKL and PKR1 are expressed throughout the plant, PKR2 is
preferentially expressed in the endosperm of the developing seed (Schmid et al., 2005),
suggesting that it may play a role in nourishment of the early embryo. Investigations into
the role of PKR2 in seed development are detailed in Chapter 2.
In contrast to pkr1 and pkr2 plants, which lack apparent root or shoot phenotypes,
pkl mutant seedlings exhibit a variety of developmental defects including delayed
flowering, dwarfism, and various reproductive abnormalities (Aichinger et al., 2011;
Carter et al., 2016; Eshed et al., 1999; Henderson et al., 2004; Jing et al., 2013; Li et al.,
2005; Xu et al., 2016; Zhang et al., 2014). Several pkl phenotypes are associated with
inappropriate persistent expression of seed genes after germination, indicating that PKL is
necessary for repression of the embryonic developmental program in the seedling (Ogas et
al., 1999; Rider et al., 2003). Further, it was found that PKL activity during the window of
seed germination was necessary and sufficient to suppress the pickle root phenotype,
suggesting that PKL acts during this time to repress embryonic traits (Li et al., 2005).
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Figure 1.1 The Three CHD3 Chromatin Remodelers in Arabidopsis thaliana
Scale diagram of the three CHD3-family chromatin remodelers in Arabidopsis. Human CHD3 is provided
for comparison with domains of sequence conservation annotated. Chromo = chromodomain. DUF =
domains of unknown function.

Despite being in the same family as animal CHD3 remodelers and sharing the biological
role of repressing developmentally important genes, PKL is unlikely to function as a
member of a Mi-2/NuRD complex. No connection was observed between PKL-dependent
gene expression and histone acetylation, and no complex members have been isolated
(Zhang et al., 2008). Instead, it was found that PKL likely exists as a monomer in vivo and
is necessary for wild-type levels of the epigenetic modification H3K27me3 (Ho et al., 2013;
Zhang et al., 2012; Zhang et al., 2008). Reduced H3K27me3 levels are consistently
observed at H3K27me3-enriched loci in pkl plants regardless of whether there is a change
in abundance of the corresponding transcript, indicating that the reduction of H3K27me3
is not an indirect effect of altered transcription (Zhang et al., 2012; Zhang et al., 2008). By
promoting H3K27me3, PKL plays a critical role in plant development by establishing
and/or maintaining repression of developmentally important genes.

6
1.3

H3K27me3 and the PRC2

H3K27me3 is a transcriptionally repressive histone modification that is deposited by the
histone methyltransferase complex PRC2 (Cao et al., 2002; Khan et al., 2015; Mozgova et
al., 2015). PRC2 was originally identified in Drosophila as a repressor of HOX genes,
which are important for specification of body plan (Montavon and Soshnikova, 2014;
Pirrotta, 1998). PRC2 consists of four core subunits that are highly evolutionarily
conserved amongst eukaryotes (Aldiri and Vetter, 2012; Kim and Sung, 2014; Margueron
and Reinberg, 2011), though are notably absent in the yeast model organisms S. cerevisiae
and S. pombe. These core components are known in Drosophila as E(z) (Enhancer of zeste,
the catalytic subunit), EED, SUZ12, and RBBP7/4 (Margueron and Reinberg, 2011). In
humans, E(z) is represented by the two homologs EZH1 and EZH2. EZH2 is the primary
H3K27 methyltransferase and has shown promise as a therapeutic target for multiple
cancers (Han Li and Chen, 2015). EZH2 is overexpressed in metastatic prostate cancers
and invasive breast cancers (Kleer et al., 2003; Varambally et al., 2002), and EZH2
inhibitors are currently undergoing clinical trials as anti-cancer agents (Comet et al., 2016).
As in mammals, Arabidopsis expresses orthologs for each of the Drosophila PRC2
components. While these genes are single-copy in Drosophila, Arabidopsis contains
multiple variants of each component except for Extra sec combs (Kim and Sung, 2014;
Mozgova et al., 2015). In particular, there are three Arabidopsis variants of the catalytic
E(z) subunit: MEDEA, CLF, and SWINGER (Kim and Sung, 2014; Mozgova et al., 2015).
PRC2 variants consisting of different subcomponents have been found to repress distinct
sets of genes and have varying biological roles (Goodrich et al., 1997; Grossniklaus et al.,
1998; Wang et al., 2016). Consistent with the known role of H3K27me3 in promoting
tissue identity in animals, loss of H3K27me3 in plants results in a collapse into
disorganized callus (Bouyer et al., 2011).
The observed decrease in H3K27me3 in pkl seedlings suggests that PKL represses
embryonic gene expression by promoting this mark (Zhang et al., 2012; Zhang et al., 2008).
However, the nature of the interaction between the PKL and PRC2 pathways is poorly
understood. Chapter 3 includes RNA-seq analysis of genes that exhibit altered expression
in pkl seedlings and in seedlings lacking CLF. Further, the mechanisms by which PKL is
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targeted to chromatin, remodels nucleosomes, and facilitates deposition and/or
maintenance of H3K27me3 are undetermined. Chapter 5 details an experimental approach
that may help shed light on how PKL is targeted and what domains are necessary for its
remodeling activity.

1.4

PKL, PIE1 and H2A.Z

The phenotypes of plants lacking PKL are not identical to plants possessing mutant alleles
of PRC2 machinery (Goodrich et al., 1997; Ohad et al., 1996), suggesting that loss of PKL
affects other pathways in addition to H3K27me3. Examination of gene expression in pkl
seedlings reveals that PKL promotes both repression and expression of H3K27me3enriched genes, raising the possibility that PKL can function directly as a transcriptional
activator or can promote one or more epigenetic modifications associated with gene
activation (Zhang et al., 2012; Zhang et al., 2008). In support of this hypothesis, recent
characterization of gene expression in elongating hypocotyls raises the prospect that PKL
can activate gene expression, and that this correlates with a reduction in H3K27me3 (Jing
et al., 2013), although these studies leave open the possibility that the observed changes in
H3K27me3 levels were indirect effects of altered expression. Chapter 3 details our
investigation into other pathways that work with PKL to affect gene expression, and the
identification of the histone variant H2A.Z as one of these pathways.
H2A.Z is a highly conserved histone variant that is critical for transcriptional
regulation and multiple epigenetic processes (Allis et al., 1986; Chen et al., 2014; GursoyYuzugullu et al., 2016; Subramanian et al., 2015). Deposition of H2A.Z in chromatin is
catalyzed by the related chromatin remodelers Swr1p in yeast, SRCAP in humans, and
PIE1 in plants (Deal et al., 2007; Kobor et al., 2004; Ruhl et al., 2006). H2A.Z is removed
by the chromatin remodeler Ino80p in a transcription-dependent manner in S. cerevisiae,
which also holds true for its ortholog at sites of DNA damage in mammalian cells (Alatwi
and Downs, 2015; Papamichos-Chronakis et al., 2011; Subramanian et al., 2015; Watanabe
et al., 2013). It is less clear if removal by INO80 occurs in plants as Arabidopsis INO80
appears to promote H2A.Z enrichment at the genes FLC, MAF4, and MAF5 (Zhang et al.,
2015).
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Many examples have been found of chromatin-based processes that are dependent
upon H2A.Z, some of which are sensitive to its modification state. In Drosophila, presence
of H2A.Z in the nucleosome immediately inside the transcriptional start site facilitates
efficient transit of RNA polymerase through this checkpoint (Weber et al., 2014). H2A.Z
also serves as a binding site for Brd2, and this binding is required for androgen-receptormediated transcriptional activation (Draker et al., 2012). In addition, ubiquitination of
H2A.Z may promote PRC2 targeting and gene silencing via H3K27me3 (Blackledge et al.,
2014; Cooper et al., 2014) which is supported by the observation that ubiquitylated H2A.Z
stimulates PRC2 recruitment and activity in vitro (Kalb et al., 2014). The balance of
acetylated and ubiquitylated H2A.Z has been proposed to be important for initiating gene
expression or repression at poised promoters in embryonic stem cells (Subramanian et al.,
2015). In Arabidopsis, genes enriched for H2A.Z in the coding region exhibit reduced
transcript levels and higher degrees of responsiveness (Coleman-Derr and Zilberman,
2012), indicating that the presence of H2A.Z in the gene body allows them to be rapidly
induced. This has important implications in the processes of flowering and pathogen
resistance (Deal et al., 2007; March-Diaz et al., 2008).
The identification of PKL as a factor that promotes H2A.Z levels places CHD
remodelers in this pathway in Arabidopsis (Chapter 3). Precedent exists for CHD
remodelers interacting with the H2A.Z pathway: CHD4 has been shown to promote H2A.Z
levels at neuronal genes, which results in gene repression and influences behavior and
response to stimuli in mice (Yang et al., 2016). Further, CHD1 in S. cerevisiae has been
proposed to disassemble nucleosomes containing H2A.Z (Persson and Ekwall, 2010). In
addition, CHD1 is similar to PKL in that it acts primarily as a monomer in vivo (Petty and
Pillus, 2013). Interestingly, we observed that pkl phenotypes are influenced by altering
H3K56ac levels, which may be relevant to the role of PKL in H2A.Z-related processes
(Chapter 4). H3K56ac in S. cerevisiae was found to act as a chromatin-based switch that
promoted removal of H2A.Z by Swr1p and reduces steady-state levels of H2A.Z in
chromatin (Watanabe et al., 2013). However, it remains to be seen whether this mechanism
is conserved in Arabidopsis.
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Understanding the mechanisms of PKL action is important for understanding the
conservation of CHD-family remodelers as a whole. Since PKL is a plant CHD remodeler
that has diverged in function in some ways from its more well-studied animal counterparts,
commonalities between the functions of PKL and animal CHD remodelers may indicate
evolutionarily ancient roles that have been selected for during the processes of divergence.
In addition, PKL has been shown to play critical roles in plant reproduction, fertility, and
specification of seed size, which are commercially relevant agronomic traits. Finally, PKL
provides a convenient context in which to characterize the contributions of CHD-family
remodelers to H3K27me3 and to H2A.Z as it appears to contribute to these pathways
throughout the adult plant. This is in contrast to murine Chd4 and Chd5, which are known
to promote H2A.Z and H3K27me3 respectively in brain tissues, but these tissues are more
technically difficult and ethically challenging to obtain.
In the research described herein, we have uncovered new roles of PKL in
development and epigenetic regulation of gene expression. We identified new epigenetic
pathways that interact with PKL including H3K56 acetylation and the histone variant
H2A.Z. These new avenues of investigation have provided new insights into the classes of
genes that exhibit PKL-dependent expression and into how PKL promotes epigenetic
control of development in Arabidopsis. While PKL is understood to repress expression of
seed genes in the root and shoot, we have characterized phenotypes associated with loss of
PKL in the seed itself and also identified a new role for PKL and its paralog PKR2 in
determining seed size. Further, we have made progress towards understanding the
mechanism of PKL recruitment and activity using domain deletion constructs. Finally, we
are undertaking a novel mutant screen that promises to provide us with a wealth of factors
that interact with the PKL pathway and will generate important insights into how CHD
remodelers, H3K27me3-related processes, and H2A.Z cooperate to enable development in
plants.
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CHAPTER 2. CHD CHROMATIN REMODELERS AND REPRODUCTIVE
DEVELOPMENT

Adapted from (Carter et al., 2016) with permission from the Genetics Society of America.
Authorship of this chapter is credited jointly to Ben Carter, Joe Ogas, Brian Dilkes, and
Kim Boutilier. Specific author contributions are noted in figure legends.

2.1

Introduction

Development in multicellular organisms requires coordinated morphogenesis and
communication between tissues with distinct gene expression profiles and occasionally
distinct genotypes. Mutations in epigenetic regulators can perturb mutually dependent cell
types and therefore complicate interpretation of the resulting phenotypes. The reproductive
system of flowering plants presents an attractive context in which to distinguish
autonomous phenotypes from those arising from defects in ancillary tissues. The haploid
male and female gametophyte generation is contained within the diploid sporophyte, and
development of these genetically distinct tissues is highly interdependent (Ma and
Sundaresan, 2010; Niklas and Kutschera, 2010). The female gametophyte develops within
the sporophytic ovary, where it forms into an embryo sac as it is surrounded by the diploid
sporophytic integuments of the ovule (Bencivenga et al., 2011; Chevalier et al., 2011).
Characterization of ovule-defective mutants in A. thaliana has revealed that female
gametophyte development is dependent on the sporophyte, particularly integument
development, and has also identified a variety of factors that contribute to this relationship
including transcription factors, kinases, and components of plant hormone signal
transduction pathways (Bencivenga et al., 2011; Shi and Yang, 2011; Vielle-Calzada et al.,
2012). Some of these factors are expressed uniquely in the integuments, whereas others are
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more widely expressed. Progress is being made in our understanding of the interactions
between sporophytic and gametophytic developmental compartments (Cheng and Kieber,
2013; Dresselhaus and Franklin-Tong, 2013; Johnston et al., 2007), but there is still much
to learn regarding how all of the identified factors work together to coordinate ovule
development.
Development of the male gametophyte is also dependent on the maternal
sporophyte. After the pollen grain lands on the stigma, the vegetative cell produces a pollen
tube that elongates through the style, navigates the maternal transmitting tract, and delivers
the two sperm to the embryo sac for double fertilization (Leydon et al., 2014).
Differentiation and guidance of the pollen tube is controlled by chemotactic signals and
cell-cell interactions between the vegetative cell of the pollen and female sporophytic cells
(Dresselhaus and Franklin-Tong, 2013; Leydon et al., 2014). Maternal defects in
transmitting tract differentiation or morphology as well as defects in chemotactic signaling
can disrupt pollen tube development or produce defects in guidance even for wild-type
pollen (Crawford and Yanofsky, 2011; Leydon et al., 2014; Ngo et al., 2014). The guidance
and development signals from the sporophyte are dynamic, ensuring that a successful
double-fertilization results in inhibition of additional pollen tubes growing towards the
fertilized ovule (Beale et al., 2012; Kasahara et al., 2012; Maruyama et al., 2013).
The extent to which epigenetic regulatory pathways contribute to coordinated
development of sporophytic and gametophytic compartments in plant reproductive tissues
remains to be determined. Precedent for a possible role is provided by the important
contribution of epigenetic machinery to the development of the seed after fertilization
(Gehring, 2013; Jiang and Kohler, 2012). In particular, factors associated with H3K27me3
are necessary to prevent endosperm proliferation in the absence of fertilization (Ebel et al.,
2004; Grossniklaus et al., 1998; Kohler et al., 2003a; Ohad et al., 1996). Further, both
H3K27me3 and DNA methylation generate distinguishable epigenetic states in the
maternal and paternal lineages, enabling expression of genes in a parent-of-origin manner
(Gehring, 2013). Loss of either mark leads to defects in gametophyte, embryo, and
endosperm development, presumably in part due to loss of regulated gene expression in
the endosperm (Gehring, 2013; Zhang et al., 2013). However, the widespread roles of this
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epigenetic machinery in development of the female gametophyte, embryo, and sporophyte
(Bouyer et al., 2011; Katz et al., 2004; Lafos et al., 2011) confound investigation of its
specific roles in communication between the maternal sporophyte and the male and female
gametophytes.
The ATP-dependent CHD3 chromatin remodeler PKL plays a role in both positive
and negative regulation of H3K27me3-regulated loci in germinating seeds and vegetative
tissues (Aichinger et al., 2009; Perruc et al., 2007; Zhang et al., 2012; Zhang et al., 2008).
H3K27me3-regulated genes exhibit reduced levels of this mark in plants lacking functional
PKL. This reduction is consistently observed at H3K27me3-enriched loci in pkl plants
regardless of whether there is a change in abundance of the corresponding transcript,
indicating that the reduction of H3K27me3 is not an indirect effect of altered transcription
(Zhang et al., 2012; Zhang et al., 2008). Recent characterization of gene expression in
elongating hypocotyls raises the prospect that PKL also activates gene expression by
reducing H3K27me3 (Jing et al., 2013), although these studies leave open the possibility
that the observed changes in H3K27me3 levels were indirect effects of altered gene
expression at those loci.
Loss of PKL results in a spectrum of developmental phenotypes (Aichinger et al.,
2011; Eshed et al., 1999; Henderson et al., 2004; Jing et al., 2013; Li et al., 2005; Xu et al.,
2016; Zhang et al., 2014), including delayed development of carpel tissues and smaller
siliques (Eshed et al., 1999; Li et al., 2005). In light of these phenotypes, we more broadly
investigated the role of PKL in A. thaliana reproductive development. Additionally, we
examined possible interactions between PKL and its paralog PKR2 in determining these
phenotypes due to the preferential expression of PKR2 in the seed and its genetic
interaction with PKL (Aichinger et al., 2009; Le et al., 2010; Schmid et al., 2005). We show
that plants lacking PKL exhibit defects in various reproductive processes including
development of the integuments, female gametophytes, pollen tubes, and timing of ovule
and embryo development. Reciprocal crosses and transmission analyses demonstrate that
these phenotypes result from a requirement for PKL in the maternal sporophyte, indicating
that PKL-dependent epigenetic events contribute to the coordinated development of the
sporophyte and gametophyte generations. Further, we uncover opposing roles of PKL and
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PKR2 in seed size determination and propose a new model to account for the previously
reported cooperative genetic interaction between these loci. Our studies emphasize the
importance of epigenetic status to coupled development of genetically distinct
compartments and establish broad new roles for CHD3 remodelers in plant reproduction.

2.2
2.2.1

Experimental Results

PKL Is Necessary for Proper Embryo and Ovule Development

pkl loss-of-function mutants exhibit delayed development of carpel tissues and reduced
silique size (Eshed et al., 1999; Li et al., 2005). To further investigate the reproductive
phenotypes of pkl plants, we examined two previously characterized Arabidopsis lines that
carry a loss-of-function allele of PKL: pkl-1, which bears a point mutation in a splice site
corresponding to the ATPase domain (Ogas et al., 1997), and pkl-10, an insertional allele
of PKL also referred to as pkl-GABI that does not accumulate detectable PKL protein by
western analysis (Zhang et al., 2012). Prior examination of the root and shoot phenotypes
of homozygous pkl-1 and pkl-10 plants revealed that they are phenotypically
indistinguishable (Zhang et al., 2012). However, subsequent characterization of pkl-10
plants during the studies described here led to the realization that the pkl-10 insertional
allele is likely associated with a reciprocal chromosomal translocation, a common
occurrence with T-DNA lines (Clark and Krysan, 2010). Although the pkl-10 homozygote
is indistinguishable from pkl-1 for all phenotypes we have examined, heterozygous pkl10/PKL plants exhibit a 50% reduction in seed set and 50% non-viable pollen coupled with
no defect in transmission of the pkl-10 allele (Figure 2.1, Tables 2.1 and 2.2), consistent
with adjacent-1 segregation during meiosis. These phenotypes were not observed in plants
that were heterozygous for pkl-1 or the pkl-SAIL T-DNA allele. In light of these
observations, mutant phenotypes have been characterized in two backgrounds that each
carried a distinct mutant allele of PKL (pkl-1, pkl-10, and/or pkl-SAIL) and reported only
when both alleles produced indistinguishable results.
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Figure 2.1 The pkl-10 Line Exhibits Reduced Pollen Viability
Mature stamens were harvested from WT, pkl-SAIL/PKL, and pkl-10/PKL plants immediately prior to
anther dehiscence and stained using a modified Alexander stain to distinguish viable from aborted pollen as
described previously (Peterson et al., 2010). Arrows denote the black, aborted pollen grains present only in
the pkl-10/PKL sample. pkl-1, pkl-10, and pkl-SAIL homozygotes were indistinguishable from WT (BC
unpublished data).

Table 2.1 Seed Set Analysis of the pkl-10 Allele
Genotype

Mean Seeds Per Silique

p-value vs. WT

n Seeds Scored

WT

62.7 ± 8.9

1.00

690

pkl-10

12.2 ± 7.4

2.9 X 10-8

70

pkl-10/PKL

31.8 ± 8.8

3.9 X 10-8

381

Data collected by Amanda Smith. Wild type, pkl-10, and heterozygous pkl-10/PKL plants were manually
self-pollinated and the resulting siliques were harvested 11 days after pollination. The siliques were dissected
and scored for seed number. Data shown are representative of two biological replicates. p-values were
obtained using two-tailed Student’s t-tests.

Table 2.2 Transmission Analysis of the pkl-10 Allele
Cross

SulfaR

SulfaS

N

% Resistance

TEF (%)

TEM (%)

♀pkl/PKL x ♂pkl/PKL

264

89

353

75%

NA

NA

0.48

♀pkl/PKL x ♂WT

38

34

72

53%

112%

NA

0.72

♀WT x ♂pkl/PKL

132

139

271

49%

NA

97%

0.36

p-value

Crosses were performed using WT and heterozygous pkl-10/PKL plants as indicated. Seed progeny were
collected and plated on media supplemented with 0.05% sulfadiazine (sulfa). Seedlings were scored for sulfa
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resistance (SulfaR) and susceptibility (SulfaS) at two weeks after germination. Apparent female and male
transmission efficiencies (TEF and TEM) were calculated as SulfaR/SulfaS X 100%. p-values were obtained
using a binomial test with a null hypothesis of p ≥ 0.75 for pkl/PKL x pkl/PKL and p ≥ 0.5 for the reciprocal
crosses. At a significance threshold of 0.05, the null hypotheses are not rejected.

We scored the average seed set per silique of WT, pkl-1, and pkl-10 plants and
discovered that both pkl-1 and pkl-10 siliques produced only one third the number of seeds
produced by WT siliques (Table 2.3). The number of unfertilized ovules in pkl pistils was
not significantly different from WT (Table 2.3), suggesting that pkl ovules failed to initiate
seed development and/or pkl seeds aborted during development. This seed set defect was
completely suppressed in pkl plants transformed with an 11.9 kb genomic fragment
containing PKL (Ogas et al., 1999).

Table 2.3 Loss of PKL Results in a Reduced Seed Set
Mean Ovules

Mean Seeds

n

Genotype

Per Ovary

n (Ovaries)

Per Silique

(Siliques)

p-value vs. WT

Wild type

68.8 ± 4.1

25

69.9 ± 5.7

20

1.00

pkl-1

72.4 ± 4.7

24

24.0 ± 9.5

19

3.19 X 10-20

pkl-10

69.5 ± 3.1

24

27.0 ± 7.6

20

7.21 X 10-22

Siliques were dissected approximately 1 month after flowering and scored for seed number using light
microscopy. Ovules were harvested from mature unopened floral buds collected immediately prior to anther
dehiscence and cleared in Hoyer’s mounting medium. Ovule numbers were scored using light microscopy.
n, number of ovaries or siliques scored. p-values were obtained using two-tailed Student’s t-tests.

To determine the cause of the reduced seed set of pkl siliques, we examined the
morphology of developing pkl embryos at two weeks after flowering using DIC optics. We
observed that 1-3% of pkl-10 and pkl-1 embryos exhibited an overproliferation phenotype
(Figure 2.2). The low penetrance of this phenotype, however, indicated that it was not
sufficient to account for the reduced seed set of pkl siliques.
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Figure 2.2 pkl Seeds Exhibit Embryo Overproliferation
Seeds were harvested, cleared using Hoyer’s mounting medium, and examined using DIC microscopy. Scale
bars = 20 µm. (A, B) Globular- and heart-stage WT embryos. (C, D) Representative globular- and heart-stage
pkl-10 embryos exhibiting the overproliferation phenotype.

To examine whether the reduced seed set was caused by developmental arrest of
pkl embryos, we dissected WT, pkl-1, and pkl-10 siliques aged four to fourteen days after
flowering (DAF) and scored the seeds for stage of embryo development (Figure 2.3). We
did not observe a strong embryo arrest or seed abortion phenotype. Instead, we observed a
delay in embryo development corresponding to approximately three days as well as a loss
of developmental synchrony in pkl seeds relative to WT seeds. For example, the majority
of WT seeds were at the torpedo stage of development at eight DAF, but pkl seeds did not
begin to reach this stage until ten DAF (Figure 2.3).
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Figure 2.3 pkl Embryo Development Is Delayed and Asynchronous
Siliques were harvested from plants at the indicated days after flowering (DAF). Seeds were cleared using
Hoyer’s mounting medium and scored for stage of embryo development. Data are presented as percentages
relative to the total number of seeds scored for each sample (n embryos scored). Darker shading indicates
larger percentage of observations. A total of 4-5 siliques were analyzed for each of the listed conditions.
Analysis of a second biological replicate generated consistent results.

Neither embryo arrest nor seed abortion could account for the reduced seed set of
pkl siliques. However, pkl siliques contained many shriveled white structures resembling
degraded unfertilized ovules (Figure 2.4A) (Xu et al., 2005). To characterize the defect in
pkl ovule development, we harvested WT and pkl-1 pistils immediately following anthesis
and scored the ovules for developmental stage (Table 2.4). As with embryo development,
we observed a developmental delay and loss of synchronicity in pkl ovules relative to WT
ovules. In addition, approximately 3% of the pkl ovules that appeared to be mature in terms
of size and morphology contained an embryo sac that was either collapsed or could not be
clearly distinguished (Figure 2.4H and Table 2.4). We also observed a low and variable
percentage of ovules with short integuments (Figures 2.4E and 2.4F) and non-anatropous
ovules in which the integuments grew equally on the abaxial and adaxial sides (Figure
2.4G), together representing about 3% of total pkl ovules (Table 2.4). These phenotypically
abnormal ovules could still be fertilized (Figure 2.4H). Together these data suggest that the
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reduced seed set of pkl siliques was due in part to abnormal development of pkl ovules
prior to fertilization.

Figure 2.4 pkl Siliques Are Shorter and Contain Abnormal Ovules
Panels C through H credited to Kim Boutilier and Tjitske Riksen. (A) Dissected WT and pkl-10 siliques. (B)
Close-up image of a pkl-10 silique at six days after flowering (DAF). Arrow indicates aborted ovule. (A-B)
Scale bars = 1 mm. (C) A mature WT female gametophyte (FG) stage 7 ovule showing the two synergids (s),
the egg cell (e) and the central cell nucleus (c). (D) A fertilized WT ovule showing the zygote (z, outlined)
and endosperm nuclei (arrowheads). (E) An FG7-stage pkl-1 ovule. The inner integuments are shorter, which
gives the embryo sac a bulged appearance (arrow). (F) A fertilized pkl-1 ovule showing the zygote (z,
outlined) and endosperm nuclei (arrowheads). The embryo sac is bulged toward the micropylar end (arrow).
(G) An elongated pkl-1 ovule with an egg cell (e) and central cell nucleus (c). (H) Three aborted pkl-1 ovules
(a), where the embryo sac is collapsed (*) or the nuclei are not visible (^), in the same carpel as an FG7-stage
ovule (synergids (s), egg cell (e), central cell nucleus (c). (C-H) Scale bar = 50 µm.
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Table 2.4 pkl Ovule Development Is Delayed and Asynchronous
Aborted

FG1

17 (12a)

2 (2a)

3
3
1
2
2

2
2
3
3

FG2/3

Stage of pkl Ovule Development
FG4
FG5
FG6/7
Zygote and Endosperm
1 (1a)

(1b)

5 (1a)

1

13
13
16
9
9

4
4
8
8
8

1 (1b)

3
3
5
5

5

1

11

2
2

9
9

18
18

1

3 (3b)

19 (18b)

8

8

24 (1a)

1
1

7

8
8
1
9

23

5
5

27
27
28
44
5
4
4

1
2
2

5

10

3b

2

12 (1a)

7

9
1

11
29
14

1
4
12
9
9
1

1

1

4

Aborted

FG1

FG2/3

1
1
1
3
1

Stage of WT Ovule Development
FG4
FG5
FG6/7
Zygote and Endosperm
17
8
27
7
27
28
2
17
1
4
22
3
2
34
3
2
20
5
2
29
1
29
32

Figure credited to Kim Boutilier. Ovules were harvested from individual flowers from WT or pkl-1 plants at
or shortly after anthesis and then cleared with HCG (see Materials and Methods). Each row represents ovules
from a single silique. The female gametophyte (FG) stages are described in (Christensen et al., 1997).
Aborted ovules exhibited collapsed embryo sacs or embryo sacs without distinguishable nuclei, as in Figure
2.4. The number of ovules with elongated integuments ( a) or bulged embryo sacs (b), as in Figure 2.4, is
shown in brackets beside the total number of ovules.

20
2.2.2

Loss of PKL in the Maternal Sporophyte Results in the pkl Reproductive
Phenotypes.

The seed-associated phenotypes we observed were consistent with sporophytic and/or
gametophytic defects resulting from loss of PKL. We examined whether the mutant
phenotypes of reduced seed set and asynchronous embryo development exhibited parentof-origin inheritance. We performed reciprocal crosses between WT and pkl-1 plants and
examined the reproductive phenotypes of the resulting F1 progeny (Table 2.5). We
observed that loss of PKL in the maternal parent was sufficient to delay embryo
development and reduce seed set. In contrast, the paternal allele of PKL was dispensable
for normal seed development.

Table 2.5 Genetic Analysis of pkl Silique Phenotypes
Percent of Embryos in Developmental Stagea
Cross

Mean
Seeds

♀WT x
♂WT

61.3 ± 9.5

♀pkl x ♂pkl

19.5 ± 5.1

♀WT x ♂pkl

66.5 ± 2.6

♀pkl x ♂WT

27.0 ± 11.3

p-value
vs. WT
1.00
5.6 x 10

O

P

G

T

H

R

B

M

552

0

0

0

0

0

0

0

100

78

0

2

10

7

30

32

19

0

266

0

0

0

0

0

0

0

100

108

6

2

11

10

39

27

5

0

-

6

0.32
1.4 x 104

n Scored

♀pkl/PKL x
50.6 ± 15.4
0.13
253
0
0
0
0
0
0
0
100
♂pkl/PKL
♀pkl/PKL x
63.3 ± 5.3
0.65
380
0
0
0
0
0
0
0
100
♂WT
Wild type, pkl-1, and heterozygous pkl-1/PKL plants were crossed and the resulting siliques were harvested
12 days after pollination. The siliques were dissected, cleared, and scored for seed number and stage of
embryo development. Data shown are representative of two biological replicates. p-values were obtained for
seed set measurements using two-tailed Student’s t-tests. aO = ovule-like, P = pre-globular, G = globular, T
= triangular, H = heart, R = torpedo, B = bent cotyledons, M = mature

To distinguish between a genetic requirement for PKL in the developing seed or in
the maternal tissues, we examined the seeds resulting from crosses of pkl-1/PKL plants to
each other (Table 2.5). If loss of PKL in the embryo and/or endosperm was sufficient to
cause asynchronous embryo development, one fourth of the ♀ pkl/PKL x ♂ pkl/PKL
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progeny would exhibit this phenotype. As summarized in Table 2.5, seeds from ♀ pkl/PKL
x ♂ pkl/PKL crosses developed synchronously and were not delayed. Similarly, the seed
set resulting from ♀ pkl/PKL x ♂ pkl/PKL crosses was statistically indistinguishable from
WT. In light of the absence of transmission defect of the pkl allele (Table 2.2), these
findings suggest that the seed phenotypes do not arise from of loss of PKL in the female
gametophyte or embryo/endosperm. Instead, they indicate that PKL is necessary in the
maternal sporophytic tissues to enable timely, synchronous embryo development and a
complete seed set.

2.2.3

Loss of PKL in the Maternal Sporophyte Results in Abnormal Pollen Tube
Growth

Our preceding analyses demonstrated that PKL acts in the maternal sporophyte to enable
timely, synchronous embryo development as well as seed production. The observed delay
in embryo development raised the possibility that pkl and/or pkl/PKL plants are defective
in some aspect of pollen tube guidance or fertilization. Due to the established roles of
maternal sporophytic factors in promoting pollen tube differentiation and targeting
(Leydon et al., 2014), we tested whether pollen tube development was perturbed in plants
lacking PKL. WT, pkl, and pkl/PKL pistils were pollinated with WT pollen and pollen tubes
were visualized using aniline blue staining (Figure 2.5). A ♀ WT x ♂ pkl cross was also
performed to examine the effect of an absence of PKL in the paternal parent on pollen tube
development.
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Figure 2.5 Maternal Floral Tissues Lacking PKL Exhibit Irregular Pollen Tube Growth
Patterns

Siliques were harvested 24h after pollination and pollen tubes were visualized using aniline blue. Scale bars
= 100 µm. Images are representative of six biological replicates. (A) Growth pattern of pollen tubes in a
♀WT x ♂WT cross. (B) Growth pattern of pollen tubes in a ♀WT x ♂pkl-10 cross. (C) Growth pattern of
pollen tubes in a ♀ pkl-10 x ♂ WT cross. (D) Growth pattern of pollen tubes in a heterozygous ♀ pkl-10/PKL
x ♂WT cross.

Both WT and pkl pollen tubes grew the length of the pistil by 24 h after pollination
of WT seed parents (Figures 2.5A and B). These observations indicated that PKL was
dispensable in the male gametophyte. In contrast, the pollen tubes present in a ♀ pkl x ♂
WT cross were restricted to the top third of the pistil at 24 h after pollination (Figure 2.5C).
Thus, loss of PKL in the maternal parent was sufficient to perturb pollen tube growth. This
effect of pkl was recessive as the pollen tubes resulting from ♀ pkl/PKL x ♂ WT crosses
were indistinguishable from those produced by ♀ WT x ♂ WT crosses (Figure 2.5D). The
observation that altered pollen tube growth and delayed embryo development are recessive
phenotypes suggests that the abnormal pollen tube development may be responsible for the
asynchronous embryo development in pkl siliques by causing delayed asynchronous
fertilization.
PKL is known to contribute to gynoecium development (Eshed et al., 1999), and
the abnormal pollen tube growth observed in pkl siliques may be a result of altered
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expression of genes that contribute to transmitting tract development (Crawford and
Yanofsky, 2011; Gremski et al., 2007; Leshem et al., 2012). To test this hypothesis, we
harvested mature WT and pkl pistils prior to anther dehiscence and used quantitative
reverse-transcription PCR (qRT-PCR) to examine the expression of genes involved in
pollen tube guidance. Two of these genes, HECATE 3 (HEC3, At5g09750) and
BREVIPEDICELLUS (BP, At4g08150), exhibited altered transcript accumulation in pkl10 and pkl-1 pistils relative to WT pistils (Figures 2.6 and 2.7). Siliques lacking the basic
helix-loop-helix transcription factor HEC3 exhibit reduced fertility, reduced length, and
pollen tube growth defects (Gremski et al., 2007), whereas increased expression of the
homeobox gene BP has been shown to affect replum development and fruit morphology
(Gonzalez-Reig et al., 2012), which are critical for proper pollen tube growth (Crawford et
al., 2007; Crawford and Yanofsky, 2008). The transcript levels of several other genes that
contribute to pollen tube guidance, fertility, or carpel development were not altered in the
absence of PKL (Table 2.6), indicating that there is not a general defect in expression of
these classes of genes.

Figure 2.6 pkl-10 Pistils Exhibit Altered Expression of BP and HEC3
qRT-PCR was used to examine the relative transcript levels of the indicated genes in mature WT and pkl10 pistils collected immediately prior to anther dehiscence. ACTIN7 (ACT7) is a constitutively expressed
gene included as a comparative control. 18S rRNA was used as a reference gene. Transcript levels are
normalized to expression in wild-type pistils. Data are the average of three biological replicates. Error bars
represent standard deviation between the three replicates. The asterisks indicate a significant p-value by
Student’s t-tests relative to WT.
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Figure 2.7 pkl-1 Pistils Exhibit Altered Expression of HEC3, NAC2, BP, and PFS2
qRT-PCR was used to examine the relative transcript levels of the indicated genes in mature WT and pkl-1
pistils collected immediately prior to anther dehiscence. ACTIN7 was used as a reference gene. Transcript
levels are normalized to expression in wild-type pistils. Data are the average of three biological replicates.
Error bars represent standard deviation between the three replicates. The asterisks indicate a significant pvalue by Student’s t-tests relative to WT.
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Table 2.6 Expression of Carpel and Fertility Genes that Are not PKL-dependent
Fold Change
Gene
ACT7
HAF
BEE1
BEE3
HEC1
HEC2
cPGI
MYB88
GLC
FLP
RPL27ac
NOF1
SWA3

Locus ID
At5g09810
At1g25330
At1g18400
At1g73830
At5g67060
At3g50330
At5g42740
At2g02820
At1g65450
At1g14350
At1g70600
At1g17690
At1g16280

pkl-GABI/PKL vs. WT
1.09
1.23
1.21
1.52
0.70
1.06
1.10
1.16
1.44
1.07
1.34
1.16
0.99

pkl-GABI vs. WT
1.08
1.05
0.72
1.12
1.32
1.59
1.12
1.02
1.03
0.91
1.04
0.88
0.88

qRT-PCR was used to determine the relative transcript level of the indicated genes in mature WT, pkl-10/PKL,
and pkl-10 pistils collected immediately prior to anther dehiscence. 18S rRNA was used as the reference gene.
Fold change indicates expression in pistils of the indicated genotype relative to wild-type pistils. Data are the
average of two biological replicates.

2.2.4

Loss of PKL Alters Expression of Genes Associated with Integument
Development

The defect in pollen tube elongation in pkl siliques (Figure 2.5) provided a possible basis
for the delayed embryogenesis observed in pkl plants (Figure 2.3) and might contribute to
the reduced fertility of these plants. However, it does not explain the defect in integument
development observed in pkl plants prior to pollination (Figure 2.4). We therefore tested
whether loss of PKL results in altered expression of genes that contribute to development
of the integuments (Bencivenga et al., 2011). Mature pistils were harvested immediately
prior to anther dehiscence and expression levels of several genes involved in ovule
development were analyzed used qRT-PCR. Transcript levels of NAC DOMAIN
CONTAINING PROTEIN 2 (NAC2, At5g04410) and PRETTY FEW SEEDS 2 (PFS2,
At2g01500) were altered in pkl-10 and pkl-1 pistils (Figures 2.7 and 2.8) relative to WT
pistils. In contrast, several other genes important for integument development were not
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altered in plants that lack PKL, demonstrating that there was not a general alteration of
expression of such genes in pkl plants (Table 2.7). NAC2 promotes proper integument
development (Kunieda et al., 2008) and the WUSCHEL homolog PFS2 is expressed during
ovule development and is required for proper embryo sac morphology and female fertility
(Park et al., 2005).

Figure 2.8 pkl-10 Siliques Exhibit Altered Expression of NAC2 and PFS2
qRT-PCR was used to examine the relative transcript levels of the indicated genes in mature WT and pkl-10
pistils collected immediately prior to anther dehiscence. ACTIN7 (ACT7) was used as a reference gene.
Transcript levels are normalized to expression in wild-type pistils. Data are the average of three biological
replicates. Error bars represent standard deviation between the three replicates. The asterisks indicate a
significant p-value by Student’s t-tests relative to WT.

Table 2.7 Expression of Integument Genes that Are not PKL-dependent
Fold Change
pkl-GABI/PKL vs. WT

pkl-GABI vs. WT

At5g09810

1.09

1.08

FUL

At5g60910

0.94

0.75

MPK6

At5g43790

0.94

1.00

NAM

At1g52880

0.81

1.06

SUP

At3g23130

0.82

1.19

UNE5

At2g47470

1.04

0.98

Gene

Locus ID

ACT7

qRT-PCR was used to determine the relative transcript level of the indicated genes in mature WT, pkl-10/PKL,
and pkl-10 pistils collected immediately prior to anther dehiscence. 18S rRNA was used as the reference gene.
Fold change indicates expression in pistils of the indicated genotype relative to wild-type pistils. Data are the
average of two biological replicates.
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2.2.5

Loss of PKL Results in Sensitivity to Paternal Genomic Excess

The delay in developmental stages observed in pkl seeds is reminiscent of the effects of
dosage-sensitive defects in seed development, such as genetic imprinting and interploidy
crosses (Scott et al., 1998; Dilkes and Comai, 2004). The low-penetrance overproliferation
phenotype of pkl embryos (Figures 2.1C and D) is also reminiscent of mutants defective in
H3K27me3 in the developing seed (Grossniklaus et al., 1998; Luo et al., 2000). To
investigate whether loss of PKL results in abnormal expression of H3K27me3-regulated
genes in the seed, we examined expression of the H3K27me3-dependent genes PHERES 1
(PHE1, At1g65330) and AGAMOUS-LIKE 36 (AGL36, At5g26650) (Kohler et al., 2003b;
Shirzadi et al., 2011) in developing WT and pkl seeds. We observed dramatic increases in
the accumulation of these transcripts in pkl seeds relative to WT seeds at nine days after
flowering (Figure 2.9). However, the delayed asynchronous development of embryos in
pkl siliques (Figure 2.3) confounds interpretation of these data. The delay would result in
peaks in gene expression for developmentally regulated genes that would be both shifted
in time and broadened in the pkl seeds relative to WT seeds. As a result, we cannot
determine if altered expression of PHE1 and AGL36 is due to direct (PKL acts at these loci)
or indirect effects (altered timing of developmental programs in pkl siliques).

Figure 2.9 pkl Seeds Exhibit Elevated PHE1 and AGL36 Transcript Levels
qRT-PCR was used to determine the relative transcript level of the indicated genes in developing seeds
dissected from WT, pkl-1, and pkl-10 siliques at nine days after flowering. 18S rRNA was used as the
reference gene. Transcript levels are normalized to expression in wild-type seeds. Error bars represent
standard deviation from two technical replicates. Data are representative of three biological replicates.
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The altered timing of seed development in pkl plants raised the possibility that pkl
seeds might be more sensitive to parental genomic excess. Developmental delay was
associated with lethality in paternal-excess crosses, and maternal-sporophytic inheritance
that altered the timing of seed development affected the success of interploidy crosses
(Dilkes et al., 2008). Based on this precedent, we tested the sensitivity of pkl plants to
paternal genomic excess. Crosses between pkl-1 or wild-type diploid (2x) seed parents and
wild-type tetraploid (4x) pollen parents resulted in paternal genomic excess with and
without maternally-contributed PKL. F1 seed lethality increased when the maternal plant
lacked functional PKL (p = 0.002, Table 2.8).

29
Table 2.8 pkl Seeds Exhibit Sensitivity to Paternal Genomic Excess
Seed Phenotypea
Maternal Plant

Paternal Plant

Plump

Green

Viviparous

Shriveled

n

p-valueb

2x WT

4x WT

44%

15%

1%

40%

241

---

2x pkl-1

2x WT

99%

0%

0%

1%

117

1.016E-09

2x pkl-1

4x WT

15%

0%

0%

85%

66

0.002

Table credited to Brian Dilkes and Elisabeth Svedin.
a

Phenotypes are described in (Josefsson et al., 2006).

b

p-values for the null hypothesis of no difference from ‘♀ 2x WT x ♂ 4x WT’ in percentage of plump seeds.

p-values were obtained using Student's two-tailed t-tests.

2.2.6

PKR2 Is Preferentially Expressed in Endosperm

PKR2 is a paralog of PKL that is preferentially expressed in seeds (Le et al., 2010; Schmid
et al., 2005). We examined expression of a PKR2pro:GFP:GUS construct to determine if
PKR2 is preferentially expressed in one or more compartments of the seed (Figures 2.10AF). GUS/GFP signal was detected in the central cell before fertilization, throughout the
free-nuclear endosperm during early seed development, and became restricted to the
chalazal endosperm during the transition to heart-stage embryos. In contrast, GUS/GFP
signal was not detected in the embryo or its suspensor (Figures 2.10C-F). These data are
consistent with previous microarray analysis of gene expression in seed compartments (Le
et al., 2010). Similar analysis of a PKLpro:PKL:GFP construct revealed that it was
expressed much more broadly in the seed (Figure 2.11), which is also in agreement with
previous microarray data (Le et al., 2010).
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Figure 2.10 PKR2 Is Expressed in the Central Cell and Endosperm
and Is Not Detectable in Seedling Roots
Panels A through F credited to Kim Boutilier and Martijn Fiers. GFP (A, C) and GUS (B, D-F) expression
in plants transformed with a PKR2pro:GFP:GUS construct. (A) GFP expression in the central cell of a FG7
ovule. e, egg cell. c, central cell nucleus. Ovules were counterstained (red) with propidium iodide. (B) GUS
expression throughout the endosperm at the few-celled embryo stage. (C) GFP expression in the endosperm
(en), but not the embryo (em). Seeds were counterstained (red) with propidium iodide. The embryo was
pressed out of the seed for visibility. The contours of the seed are outlined. (D) GUS expression in the
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micropylar and chalazal regions at the globular stage. (E, F) GUS expression at the chalazal pole from the
heart stage onward. (G) PKR2 transcript levels were examined using qRT-PCR and cDNA from two-weekold rosette leaves, 5-day-old seedling roots, and 7-day-after-flowering (DAF) siliques of WT and pkr2-3
plants. 18S rRNA was used as the reference gene. Transcript levels are normalized to the rosette leaf samples.
Data are representative of two biological replicates. Error bars represent standard deviation of three technical
replicates. Scale bars = 50 µm.

Figure 2.11 PKL Is Expressed Throughout the Ovule and Seed
Figure credited to Kim Boutilier and Martijn Fiers. Confocal images of PKLpro:PKL:GFP expression prior
to (A) and after (B-D) fertilization. (A) A female gametophyte stage 7 ovule showing nuclear
PKLpro:PKL:GFP expression (green) in the ovule integuments and in the synergids (s), egg cell (e), and
central cell (cc) of the embryo sac. Ovules were counter-stained with propidium iodide (red) to visualize the
cells. (B) PKLpro:PKL:GFP expression is localized to the nuclei of the seed coat and the endosperm (*). (C)
PKLpro:PKL:GFP expression at the two-celled (C) and heart-stage (D) of embryo development. Scale bars =
25 µm.
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Our analyses of PKR2pro:GFP:GUS plants failed to reveal GUS staining in WT
seedling roots (KB unpublished data). Previous analysis indicated that PKR2 functions
redundantly with PKL to maintain root cell identity (Aichinger et al., 2009). In light of our
expression analysis, we re-examined tissue-specific expression of PKR2 using qRT-PCR.
Relative transcript levels of PKR2 were determined in rosette leaves, seedling roots, and
developing siliques of wild-type plants. RNA isolated from pkr2-3 plants was included in
our analysis as a negative control for expression as this allele bears a T-DNA insertion in
the region amplified by our qRT-PCR primers. We observed substantial enrichment of the
PKR2 transcript in siliques relative to rosette leaves (Figure 2.10G), consistent with the
strong endosperm signal obtained using our PKR2pro:GFP:GUS construct. No enrichment
of PKR2 transcript was detected in the siliques of pkr2-3 plants, which confirms that the
observed signal was PKR2-dependent. Importantly, we failed to detect enrichment of PKR2
transcript in seedling roots relative to leaf tissue or relative to pkr2-3, indicating that PKR2
was not detectably expressed in wild-type seedling roots. Further, the transcript level of
PKR2 was not increased in pkl seeds during germination (Rider et al., 2003), which is when
PKL acts to repress pickle root penetrance (Li et al., 2005).

2.2.7

PKL and PKR2 Antagonistically Influence Seed Size

Previous analyses indicated that PKL and PKR2 act cooperatively in roots to promote
cellular identity (Aichinger et al., 2009). We tested the possibility that PKR2 and PKL also
function cooperatively during seed development. However, we found no evidence of
differences in embryo development or seed set in pkl pkr2 plants relative to pkl plants
(Figure 2.12, Table 2.9). Thus, rather than observing phenotypic enhancement by the loss
of both paralogs, our data indicated that these traits are not PKR2-dependent.
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Stage of Embryo Development
DAF

Genotype

Ovule-like

4

Wild type
pkr2-1
pkr2-3
pkl-1
pkl-1 pkr2-3
pkl-10
pkl-10 pkr2-1
Wild type
pkr2-1
pkr2-3
pkl-1
pkl-1 pkr2-3
pkl-10
pkl-10 pkr2-1
Wild type
pkr2-1
pkr2-3
pkl-1
pkl-1 pkr2-3
pkl-10
pkl-10 pkr2-1
Wild type
pkr2-1
pkr2-3
pkl-1
pkl-1 pkr2-3
pkl-10
pkl-10 pkr2-1

75
11
9
100
97
98
98
1

6

8

10

81
85
61
73

37
8
16
2
1
1
11
6
1

Preglobular
25
88
81

Globular Triangular

Heart

Torpedo

Bent
Cotyledon

Mature

10

3
2
2
1
1
19
15
26
26

29
13
33
17

6
4
3
2

42
47
37

13
1
1
2
34
52
48
77

26
4
8
6

43
28
32

14
24
30

1
3
3

14
20
16

16
3
2

11

84
42
23

35
56

2

11
9
19
8

41
57
33
39

21
26
11
5
20
36
45

63
67
86

15
6
2

Seeds
Scored
146
117
148
153
133
142
150
160
180
216
172
122
46
88
161
185
175
67
38
40
43
147
204
165
66
69
75
49

Figure 2.12 Embryo Development Phenotypes Are Not Altered by Loss of PKR2
Siliques were harvested from plants at the indicated number of days after flowering (DAF). Seeds were
cleared using Hoyer’s mounting medium and scored for stage of embryo development. Data are presented as
percentages relative to the total number of seeds scored for each sample (n scored). A total of 4-5 siliques
were analyzed for each of the listed conditions. Data shown are representative of two biological replicates.
Darker shading implies larger percentage of observations.

Table 2.9 pkl Seed Set Phenotypes Are Not Altered by Loss of PKR2
Genotype

Mean Ovules n
Mean Seeds n
Per Ovary
(Ovaries) Per Silique (Siliques) p -value vs. pkl

pk l-1

72.4 ± 4.7

24

24.0 ± 9.5

19

1.00

pk l-1 pk r2-3

70.0 ± 3.4

25

22.5 ± 6.1

20

0.57 (pk l-1 )

pk l-10
pk l-10 pk r2-1

69.5 ± 3.1
70.9 ± 4.6

24
23

27.0 ± 7.6
25.1 ± 8.1

20
19

1.00
0.45 (pk l-10 )

Siliques were dissected approximately 1 month after flowering and scored for seed number using light
microscopy. Ovule numbers were scored by dissecting pistils from mature unopened floral buds and clearing
them in Hoyer’s mounting medium. n, number of ovaries or siliques scored. p-values were obtained using
two-tailed Student’s t-tests.
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Perturbation of the machinery that contributes to gene expression in the endosperm
can lead to alterations in seed size (Kradolfer et al., 2013; Li et al., 2013; Xiao et al., 2006).
To quantify the effect of PKL and/or PKR2 on seed size, we scored the mean seed areas of
WT, pkl, pkr2, and pkl pkr2 seeds as described previously (Herridge et al., 2011). This
analysis revealed that mature pkl seeds were larger than mature WT seeds (Figures 2.13A).
In addition, the distribution of the seed area was broader for pkl seeds than for WT seeds,
indicating a greater degree of variability in the size of seeds produced by pkl plants (Figure
2.13B). In contrast, the mean seed area of pkr2 plants was indistinguishable from that of
WT seeds. The pkl pkr2 double mutants produced seeds that were smaller than those of pkl
plants, indicating that the pkl seed size phenotype was partially suppressed by loss of PKR2.
These data demonstrate that, unlike seed set, the size of pkl seeds is PKR2-dependent, and
that these remodelers play opposing roles in determining seed size rather than acting
cooperatively.
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Figure 2.13 Loss of PKR2 Partially Suppresses the Large Size Phenotype of pkl Seeds
Data collected in part by Kyle McCarthy. Mature seed size was measured for seeds of the indicated genotypes
as described previously (HERRIDGE et al. 2011). (A) Mean seed areas for WT seeds and for seeds carrying
defective alleles of PKL, PKR2, or both. The asterisks indicate a significant p-value of < 10-7 by Student’s
two-tailed t-tests using the Bonferroni correction. Approximately 500 seeds were scored for each population.
Error bars indicate standard error of the mean. (B) Relative frequency distribution of seed areas of WT, pkl1, pkr2-3, and pkl-1 pkr2-3 seeds displayed as moving averages of period 3.
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2.2.8

Seed Size Affects Penetrance of the Pickle Root Phenotype

The seeds of pkl pkr2 plants were smaller than pkl seeds (Figure 2.13), and pkl pkr2
seedlings form altered primary roots that express embryonic traits, so-called “pickle roots”,
more frequently than pkl seedlings (Aichinger et al., 2009). Our inability to detect PKR2
transcript in the roots of seedlings raised the possibility that contribution of PKR2 to pickle
root penetrance reflects its action in the seed. We therefore tested whether alteration of
seed size was sufficient to affect the frequency of pickle root formation. Dry seeds were
collected from pkl plants, sorted based on size, plated on media, and the resulting seedlings
were scored for the pickle root phenotype after two weeks of growth. Pickle root penetrance
was elevated in the small seed population relative to the unsorted seeds (Table 2.10). In
contrast, seedlings from larger seeds produced pickle roots at a lower frequency.

Table 2.10 Pickle Root Penetrance Is Dependent on Seed Size
Genotype

Size Category

Germination %

Pickle Root %

N

p-value

pkl

Unsorted

99

7

72

---

pkl

Large

100

3

71

0.12

pkl

Small

99

25

72

3.57*10-7

pkl pkr2

Unsorted

100

38

72

---

pkl pkr2

Large

100

4

22

2.71*10-5

pkl pkr2

Small

100

40

72

0.39

Mature pkl-10 and pkl-10 pkr2-1 seeds were sorted into size categories based on visual comparison with the
mean seed size. Sorted seeds were plated on MS media supplemented with 1% sucrose and scored for
pickle root formation at two weeks after germination. Data are representative of two biological replicates.
The sample size of the ‘pkl pkr2 large’ sample is smaller than the other samples due to the relative scarcity
of large pkl pkr2 seeds. p-values were obtained using a binomial test with a null hypothesis for the large
populations of p ≥ unsorted pickle root frequency and a null hypothesis for the small populations of p ≤
unsorted pickle root frequency. At a significance threshold of 0.0125, the null hypotheses are rejected for
the ‘pkl small’ sample and the ‘pkl pkr2 large’ sample. Data are representative of four biological replicates
using pkl-1, pkl-10, pkr2-1, and pkr2-3.
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We also examined the pickle root penetrance of pkl pkr2 seeds that had been sorted
based on size. While unsorted pkl pkr2 seedlings were substantially more likely to form
pickle roots than unsorted pkl seedlings, this difference was greatly reduced when seed size
was controlled for. Importantly, the effect of loss of PKR2 on pickle root penetrance is
restricted to small seeds; large pkl pkr2 seeds do not exhibit substantially increased pickle
root penetrance (Table 2.10). In addition, decreased seed size was sufficient to increase
pickle root penetrance in pkl seeds. A similar relationship between seed size and pickle
root penetrance was observed in pkl and pkl pkr2 seeds in which absolute size was
determined for the sorted populations (Figure 2.14). Thus, the increased penetrance
observed in pkl pkr2 plants can be explained at least in part as an indirect effect of the
reduced size of pkl pkr2 seeds relative to pkl seeds.

Figure 2.14 Quantitation of the Effect of Seed Size on Pickle Root Penetrance
Mature pkl-10 and pkl-10 pkr2-1 seeds were sorted into size categories based on visual comparison with the
mean seed size. The areas of sorted seed populations were measured prior to plating, and pickle root
penetrance was scored at two weeks after germination. Error bars represent standard error of the seed area
measurements.
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2.3
2.3.1

Discussion

PKL Is Required in the Maternal Sporophyte to Promote Development of the
Male and Female Gametophytes

It was previously observed that pkl siliques are shorter than wild-type siliques (Eshed et al.,
2001; Li et al., 2005), a phenotype that often reflects reduced fertility. Here we identify
multiple reproductive defects that are likely to contribute to these phenotypes including
abnormal development of pollen tubes, ovules, and embryos as well as reduced seed set.
Our genetic analyses reveal that these defects reflect the nonautonomous contribution of
PKL acting in the maternal sporophyte. A parsimonious model is that delayed development
and reduced seed set are emergent traits resulting from the observed defects in pollen tube
growth and ovule development. Given the nature of each defect (reduced, but not absent,
rate of pollen tube growth as opposed to abortion of embryo sacs), we hypothesize that the
defect in pollen tube growth leads to delayed asynchronous fertilization and ensuing
delayed asynchronous embryo development whereas failed ovule development leads to
reduced seed set. In the absence of the ability to uncouple the pollen tube defect from the
ovule defect, however, it is possible that the observed ovule defects contribute to the delay
in embryogenesis and/or that the pollen tube defects contribute to reduced seed set.
There is strong precedent for control of pollen tube development or embryo sac
development by factors in the maternal sporophytic tissues (Bencivenga et al., 2011;
Dresselhaus and Franklin-Tong, 2013; Leydon et al., 2014). PKL is unusual, however, in
that it contributes to both processes. Given the importance of PKL to differentiation of the
gynoecium and expression of tissue-specific genes (Eshed et al., 1999; Zhang et al., 2012;
Zhang et al., 2008), it is likely that PKL contributes to pollen tube elongation and ovule
development by enabling proper expression of genes critical for these processes. Our
expression analyses of genes that have previously been linked to either pollen tube
elongation or ovule development provide additional support for this model: expression of
HEC3, BP, NAC2, and PFS2 are altered in the pistils of pkl plants (Figures 2.6, 2.7, and
2.8). Importantly, expression of many other genes that contribute to ovule development or
pollen tube growth is not altered in pkl pistils (Tables 2.6 and 2.7), demonstrating that loss
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of PKL does not result in global perturbation of gene expression in the pistil. It remains to
be determined if the identified PKL-dependent genes are direct targets of PKL and whether
the observed alterations in gene expression are sufficient to account for the pkl reproductive
phenotypes. The four PKL-dependent genes identified in this study were not identified as
PKL-dependent in a previous microarray analysis performed in 14-day-old WT and pkl
seedlings (Zhang et al., 2008), underlining the danger of extrapolating gene targets of
epigenetic factors between different developmental contexts.

2.3.2

PKR2 and PKL Act in Opposing Fashion to Influence Seed Size

PKR2 is a paralog of PKL with a high degree of sequence similarity that is preferentially
expressed in endosperm (Aichinger et al., 2009; Le et al., 2010; Schmid et al., 2005). It
was previously observed that pkl pkr2 seedlings exhibit the pickle root phenotype at a
significantly higher frequency than pkl seedlings, suggesting that PKL and PKR2 function
in a redundant manner (Aichinger et al., 2009). Surprisingly, we were unable to detect
expression of PKR2 in the seedling root as previously reported (Aichinger et al., 2009).
Instead, we only detected strong PKR2 expression in the seed endosperm (Figure 2.10) in
agreement with published transcriptome analyses (Le et al., 2010; Schmid et al., 2005).
Thus, our expression analyses suggest that determination of developmental identity in pkl
seedling roots is influenced by the earlier action of PKR2 in the developing seed.
Our comparative phenotypic analysis of pkl, pkr2, and pkl pkr2 plants indicates that,
rather than functioning in a redundant manner, PKL and PKR2 function in an antagonistic
fashion: PKL restricts seed growth whereas PKR2 promotes seed growth, at least in plants
that lack PKL (Figure 2.13). Surprisingly, the observed enhancement of pickle root
penetrance in pkl pkr2 seedlings can be explained at least in part as an indirect result of the
role of PKR2 in determination of seed size. We find that seed size is sufficient to influence
pickle root penetrance in pkl seedlings: penetrance is increased in a population of pkl seeds
with an average size that is smaller than a comparison group (Table 2.10, Figure 2.14).
Importantly, the pickle root penetrance of large pkl pkr2 seeds is not greatly elevated
relative to that of pkl seeds of the same approximate size, indicating that loss of PKR2 is
not sufficient to increase pickle root penetrance in large seeds. It should be noted, however,
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that although our data demonstrate that manipulation of seed size is sufficient to alter
penetrance of the pickle root phenotype, our data do not preclude the possibility that loss
of PKR2 enhances pickle root penetrance in small seeds via a mechanism that acts in
addition to the effect on seed size.
It has previously been shown that seed size is positively correlated with growth of
the seedling primary root (Elwell et al., 2011; Khan et al., 2012). One possible explanation
for how reduced seed size increases penetrance of the pickle root phenotype is that the
derepression of embryonic master regulators that occurs in pkl seedlings (Henderson et al.,
2004; Li et al., 2005) is more likely to result in adoption of the pickle root phenotype in
slower-growing roots. In addition to revealing a role for seed size in expression of the
pickle root phenotype, our data offer an instructive tale on the caveats associated with
assigning functional relationships to proteins based on the analysis of highly emergent
developmental phenotypes. Perhaps even more intriguing, our observations illustrate how
a physical trait, seed size, can act in a trans-generational fashion to determine subsequent
developmental identity in plants.
The discovery that PKL and PKR2 play opposing roles during seed development
presents a unique opportunity to understand the contribution of CHD3-related remodelers
to gene expression in plants. PKR2 is found in A. thaliana and only a few closely related
species, indicating that it evolved fairly recently in this lineage. Further, PKR2 is unique
among CHD3-related remodelers in that it lacks the conserved PHD zinc-finger domain.
In light of preferential expression of PKR2 in the endosperm, our results suggest that loss
of PKR2 perturbs expression of one or more endosperm genes involved in seed size
determination. In this regard, it is worth noting that although increased seed size in pkl
plants could be an indirect effect of decreased seed set (Herridge et al., 2011), the effect of
pkr2 on seed size cannot be explained by a similar indirect mechanism: pkl pkr2 siliques
produce an indistinguishable number of seeds relative to pkl siliques (Table 2.9).
Transcript analysis of well-characterized targets such as PHE1 (Kohler et al., 2003b)
and AGL36 (Shirzadi et al., 2011) in developing pkl seeds to examine the contribution of
PKL to gene expression is confounded by the asynchronous embryo development that
occurs in pkl siliques. Examination of these genes in genetic backgrounds in which
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asynchrony is not observed (pkr2 and PKL/pkl) suggest that if PKL and PKR2 contribute
to expression of this class of genes, this contribution is subtle or that only a subset of these
genes are strongly dependent on these remodelers (BC unpublished data). In this regard, it
is of interest to note that although altered timing of seed development is sufficient to
account for the increased sensitivity of pkl to parental genomic excess (Table 2.8), altered
expression of H3K27me3-regulated seed genes can result in similar phenotypes (Erilova
et al., 2009; Josefsson et al., 2006). Future genome-wide analysis of gene expression in
pkr2 seeds is likely to provide valuable insights into the roles of CHD remodelers in seed
growth and endosperm-based processes.

2.4
2.4.1

Materials and Methods

Plant Strains and Growth Conditions

All plant lines used in these experiments are in the Columbia background. The mutant lines
used are pkl-1 (Ogas et al., 1997), pkl-10 (Zhang et al., 2012), pkl-SAIL (SAIL_73_H08),
pkr2-1 (Aichinger et al., 2011), and pkr2-3 (SALK_087654). Plant growth conditions and
scoring of the pickle root phenotype were performed as described previously (Zhang et al.,
2012). The tetraploid Columbia derivative was produced using colchicine treatment
(Dilkes et al., 2008). For analyses requiring staging of developing siliques, primary
inflorescences were tagged and the time of pollination was measured for individual flowers
as described previously (Parcy et al., 1994).

2.4.2

Interploidy Crosses

Crosses were performed following hand emasculation of flowers and the resulting seeds
were phenotyped for their mature seed appearance. Plump seed were categorized by
relatively normal shape, brown testa, and filled contents. Green seed were filled but
irregular in shape and visibly green. Viviparous seeds had radicles that had burst though
the testa. Shriveled seed had collapsed shrunken seed coats with very little or no evidence
of solid filled material inside indicative of seed failure prior to substantial embryo growth
and storage product accumulation.
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2.4.3 Tissue Clearing and Microscopy
Pistils and developing seeds were cleared in Hoyer’s mounting medium (3.25 g gum arabic,
50 g chloral hydrate, 2.5 mL glycerol, 15 mL water) and mounted on microscope slides
sealed with clear nail polish. The slides were incubated at room temperature for 4h or until
the tissues were acceptably clear. The slides were examined using DIC optics on a Leica
DMRE microscope. Images were captured using a SPOT RT 2.2.0 camera. Stages of
embryo and ovule development were scored as described previously (Christensen et al.,
1997; Hsu et al., 2010).
Ovules were incubated from a few hours to overnight in HCG solution (80 g chloral
hydrate, 10 ml glycerol, 30 ml water) on microscopy slides and examined on a Nikon
Optiphot microscope equipped with differential interference contrast (DIC) optics.

2.4.4

RNA Isolation and Analysis

Total RNA was isolated using the RNAqueous Micro kit (Cat# AM1931) and Plant RNA
Isolation Aid (Cat# AM9690) from Life Technologies. Genomic DNA was digested oncolumn during the isolation using the Qiagen RNase-free DNase set (Cat# 79254). Firststrand cDNA syntheses were performed on 250 ng of purified RNA samples using Life
Technologies M-MLV reverse transcriptase (Cat# 28025) and random hexamers from IDT.
qRT-PCR was performed as described previously (Zhang et al., 2012).
information for primers used for qRT-PCR is provided in Table 2.11.

Sequence
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Table 2.11 Oligonucleotide Primers Used for qRT-PCR
Gene
18S rRNA

Locus ID

Forward primer sequence

Reverse primer sequence

GGTCTGTGATGCCCTTAGATGTT GGCAAGGTGTGAACTCGTTGA

ACT7

At5g09810 CATTCAATGTCCCTGCCATGT

GGTTGTACGACCACTGGCATAG

AGL36

At5g26650 CCAGAGTCATGGCCGTCAA

GCGGCATCTCCAGAAACCT

BEE1

At1g18400 TCTCTCGAATCGCTCTTCCT

TGTCTGGAGAGTTTCCGGG

BEE3

At1g73830 TGGCGAATCTCTCTTCTGATT

CGTGTTGCTCAGTTCTGCTA

BP

At4g08150 GGAGCTAACAAGGCCCATTC

GGGACTCTGACACAACATGC

cPGI

At5g42740 CAACTCATTCACCAGGGACG

GCTGACTCTTCACAATGCCA

FLP

At1g14350 GGTCACGCCATTGTTCAGAT

TAGCAGGAAGCTCCTCTCAC

GLC

At1g65450 GTAACCGCTTTGGTCTGGAG

TCTCCTTCCTCTGCTGCTAC

HAF

At1g25330 TCTAATGGCACGGTTTGAGC

ACTGGAAGGGGTAGAAGCTG

HEC1

At5g67060 TTCTTCTCTCCCGACCACAA

ACCTGGTTCGTTGGTCATTG

HEC2

At3g50330 GATGCAGCAGATGGAGAAGC

GTTGAAGAAGAACGGGTGGG

HEC3

At5g09750 GATGTACAAGATCGCAGCCA

TTACGGCGTTTGGGTTTCTT

MPK3

At3g45640 GGTGGCCAATACACGGATTT

TGAACTGTCCTCCGTGAGTT

MPK6

At2g43790 GCCTCCGATCATGCCTATTG

TCTTAATCGCAACGCTCTCG

MYB88

At2g02820 CCCAAGCCCACAATTCTCTG

AAGGAGGTGGTTGTGAAGGA

NAC2

At3g15510 GCCACAACCTAACCTTCCTC

TCTTCGTCGGTAGGGTGAAA

NAM

At1g52880 TGGAAAGCGACTGGTACAGA

TTTTACTACCACCACCGCCG

NOF1

At1g17690 TTCTCTATTCGGTCGCCACT

ACACCCTTGTATTCACACGC

PFS2

At2g01500 CGGCGACTTTGAGATGGAAT

CTTCTAGCGTCGTGATCTGC

PHE1

At1g65330 AGCTCCTACTGTTGTGGATGCA CTGATTTTGGTTTTGATCTTGAATCA

PKR2

At4g31900 ACCCAATTCCAACACACCCT

CCTCTCAGGTCCACTGATCTT

RPL27ac At1g70600 ACAAGCTTTGGTCACTCGTC

GTCCTTGGTTGATTTCGCCT

SUP

At3g23130 ATGGCCACCAAGATCCTACA

GTGCTTGAGCCGATCTGAAT

SWA3

At1g16280 AAGGCTTTGGGTTCGTGTTT

GGTCGTGAAACCAAGCTCAT

UNE5

At2g47470 GAGTTTTACGCTCCCTGGTG

GCTTGCCCCTAGCTTTTCAT

2.4.5 Seed Area Measurements
Seeds were collected from dried plants aged at least three months after germination.
Collected seeds were placed in open 1 dram screw-cap vials and allowed to air dry for three
days prior to measurement. Seed areas were measured using transmitted light on an Epson
Perfection 3200 Photo scanner and processed using ImageJ software as described
previously (Herridge et al., 2011).
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2.4.6

Quantitation of Seed and Ovule Sets

To score mature seed set, unopened siliques were harvested approximately 25 days after
flowering. The siliques were dissected using biological forceps and the seed progeny from
single siliques were collected in small plastic weigh boats. Seed number was quantified
using a Leica MZ12 microscope.
To score ovule set, mature pistils were dissected from newly opened flower buds
using biological forceps. The pistils were cleared in Hoyer’s mounting medium and
examined as described above.

2.4.7

Pollen Tube Visualization

Mature flowers were manually pollinated prior to anther dehiscence, covered with plastic
bags, and the resulting siliques were collected 24 h after pollination. Pollen tubes were
visualized using aniline blue staining as described previously (Jiang et al., 2005).

2.4.8 Pollen Viability Stain
Mature stamens were harvested immediately prior to anther dehiscence and stained using
a modified Alexander’s stain to distinguish viable from aborted pollen as described
previously (Peterson et al., 2010).

2.4.9

GUS and GFP Expression Analyses

The PKR2pro:GFP:GUS reporter construct was made by recombineering (Lee et al., 2001)
using 1,900 bp of genomic DNA upstream of the second PKR2 exon from BAC F11C18
(NASC), the pBGWFS7 Gateway binary vector (Karimi et al., 2002), and SW105 bacteria.
A hybrid linear DNA fragment, containing the pBGWFS7 vector DNA and 50 bp of DNA
corresponding to the 5’ and 3’ borders of the 1900 bp PKR2 fragment, was PCR-amplified
from the pBGWFS7 template using the following primers:
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cacaacacagttaaatcattctcgaatacttccactggatgtccactgtgcGAGGATCCCCGGGTACCGA
GCTCG-3’ (the 5’ end of the PKR2 fragment is shown in bold and the pARC175 sequence
in capitals)

gtgaatggcgtcctactgcatctaacaatccgaattcttctgacaacgggATGGTGAGCAAGGGCGAGG
AGCTG (the 3’ end of the PKR2 fragment is shown in bold and the eGFP sequence of
pARC175 is shown in capitals).

Visualization of reporter gene activity (GUS and GFP) and propidium iodide
counterstaining were performed as described previously (Soriano et al., 2014) except that
1.5 mM potassium ferri-/ferrocyanide was used for the GUS staining assay.

2.4.10 Data Availability
Sequence data used in this article can be found in the EMBL/GenBank data libraries under
accession numbers: PKL AT2G25170, PKR2 AT4G31900, ACT7 AT5G09810, HEC3
AT5G09750, BP AT4G08150, NAC2 AT3G15510, PFS2 AT2G01500. The supplemental
data file contains additional tables and figures including accession numbers for genes
analyzed in the qRT-PCR analyses that do not exhibit PKL-dependent expression.
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CHAPTER 3. PKL AND PIE1 COOPERATIVELY PROMOTE H2A.Z AND
SEEDLING DEVELOPMENT IN ARABIDOPSIS

Specific author contributions are noted in figure legends.

3.1

Introduction

CHD chromatin remodelers structurally alter chromatin, allowing genes to be
transcriptionally activated or repressed. One mechanism by which CHD remodelers
contribute to regulation of gene expression is through facilitating changes in epigenetic
marks on chromatin, such as DNA methylation or post-translational modification of
histone tails (Egan et al., 2013; Pray-Grant et al., 2005; Ramirez et al., 2012; Zhang et al.,
2008). In plants, the CHD chromatin remodeler PKL is necessary for wild-type levels of
the repressive epigenetic modification H3K27me3 (Zhang et al., 2008). By promoting this
mark, PKL plays a critical role in plant development by establishing and/or maintaining
repression of developmentally important genes.
The mechanism by which PKL promotes H3K27me3 and gene silencing is poorly
understood. Further, examination of gene expression in pkl seedlings suggests that PKL
also plays a role in activation of H3K27me3-dependent genes, raising the possibility that
PKL acts in epigenetic pathways that promote transcription (Zhang et al., 2012; Zhang et
al., 2008). To identify factors that genetically interact with PKL, we undertook an M3
phenotypic enhancer screen. From this screen, we isolated a plant line exhibiting strong
enhancement of the pickle root phenotype. Genome sequencing and complementation
assays revealed that the relevant enhancer mutation is a missense substitution in a
conserved residue of PIE1, the Arabidopsis ortholog of the S. cerevisiae Swr1p chromatin
remodeler that deposits the histone variant H2A.Z in chromatin (Kobor et al., 2004).
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Like SWR1, loss of PIE1 sharply reduces the level of H2A.Z in chromatin (Deal et al.,
2007). Further, strong overlap was identified in the sets of genes that are misregulated in
plants lacking PIE1 and in plants deficient in H2A.Z (March-Diaz et al., 2008). Genes
enriched for H2A.Z in the coding region exhibit reduced transcript levels and higher
degrees of responsiveness (Coleman-Derr and Zilberman, 2012). Due to the importance of
PIE1 for expression of stimulus response genes and the observation that pie1 is an enhancer
of pkl phenotypes, we are investigating whether PKL also functions in these pathways. A
role for PKL in the H2A.Z pathway would identify a new mechanism for epigenetic control
of stimulus response genes in plants. Further, it is of interest to determine if PKL promotes
H2A.Z as does animal CHD4 (Yang et al., 2016), or removes H2A.Z as is proposed for
CHD1 (Persson and Ekwall, 2010).

3.2
3.2.1

Experimental Results

pie1 Is an Enhancer of pkl Phenotypes

We undertook an EMS mutant screen for enhancers of pkl phenotypes. From this screen,
we isolated an M3 line that exhibits sharply elevated penetrance of the pickle root
phenotype (Figure 3.1).

Figure 3.1 The pkl Enhancer Line Exhibits Elevated Pickle Root Penetrance
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Seeds were plated on MSS media plates and scored for the pickle root phenotype at two weeks postgermination. The genotypes examined are wild-type Col-0 (WT), pkl-1 (pkl), and an M3 enhancer line
isolated from an EMS mutant screen (pkl Enhancer). Each data point represents a population of 144 seedlings.
Data are representative of three biological replicates.

Whole-genome sequencing was performed using Illumina technology on the pkl enhancer
line in collaboration with Dr. Nick Carpita. We identified a single nucleotide
polymorphism in the PIE1 gene resulting in a substitution of aspartic acid to asparagine
(D372 to N). While this substitution does not lie within an annotated domain of
conservation, BLAST analysis reveals that it is highly conserved amongst PIE1 orthologs
in plants (Figure 3.2). In contrast, the adjacent valine residue is poorly conserved.
To investigate whether reduced PIE1 activity contributes to the elevated pickle root
penetrance in the enhancer line, we generated a full-length PIE1 genomic clone including
1.5 kb of upstream sequence and a C-terminal MYC epitope tag (“PIE1-MYC”, Figure
5.3A). The construct was transformed into the pkl enhancer as well as the pie1-5 T-DNA
knockout line (Deal et al., 2007) using the pEarleyGate binary vector system (Earley et al.,
2006) and Agrobacterium floral dip (Clough and Bent, 1998). Homozygous T3 lines were
isolated using the linked basta resistance marker and PCR to detect the junction between
the PIE1 genomic sequence and the MYC epitope. T3 transformants of the PIE1-MYC
construct in the pie1-5 knockout line were indistinguishable from wild-type plants,
indicating that the PIE1-MYC construct fully complements loss of endogenous PIE1
activity (data not shown). In eight out of twelve T3 homozygous pkl enhancer lines, the
elevated pickle root penetrance was suppressed to less than 10% frequency (Figure 3.3B),
indicating that restored or increased PIE1 activity is sufficient to suppress the enhancer
phenotype. However, the pkl enhancer line does not exhibit shoot phenotypes associated
with loss of PIE1 (Noh and Amasino, 2003), suggesting that the pie1-D372N allele is either
a weak loss-of-function allele or exhibits a gain-of-function that can be suppressed by
addition of extra copies of PIE1.

Figure 3.2 The Enhancer of pkl Line Contains a D to N Substitution in a Conserved Amino Acid Residue
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Raw sequence data generated by Nick Carpita. (A) Diagram of the PIE1 protein showing the position of the
D372 residue with domains of conservation annotated. HSA: helicase SANT-associated domain (Szerlong et
al., 2008), SNF2 N: SNF2-family N-terminal domain, DEXDc: DEAD-like helicase superfamily, HELICc:
helicase superfamily C-terminal domain. (B) Selection of PIE1 protein sequences from an assortment of plant
species with the D372 residue highlighted. Alignments generated by BLAST. Green lettering represents a
conserved amino acid residue. Orange lettering represents a conservative substitution. Black lettering is a
non-conservative substitution.

Figure 3.3 Complementation with a PIE1-MYC Construct Rescues the Phenotypes of the
pkl Enhancer Line
(A) Diagram of the PIE1-MYC construct containing the PIE1 genomic sequence, including introns, with 1.5
kb of upstream sequence (proPIE1) and a MYC epitope tag. The linked basta resistance marker (BASR) is
driven by the constitutive MAS promoter. (B) Seedlings were plated on MSS media plates and penetrance of
the pickle root phenotype was scored after two weeks of growth. Each data point represents a population of
144 seedlings. Data are representative of three biological replicates for the WT, pkl, and pkl enhancer lines
and eight independent T3 replicates of PIE1-MYC in the pkl enhancer background (pkl Enhancer + PIE1MYC).
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3.2.2

PKL and PIE1 Cooperatively Promote H2A.Z Homeostasis and Seedling
Development

To investigate the phenotypes associated with concurrent knockout of both PKL and PIE1,
the protein-null alleles pie1-5 and pkl-10 were crossed and the segregating F2 progeny
were examined. 9 out of 144 seedlings (1/16th) exhibit profound developmental defects, a
ratio consistent with classical genetic segregation of two recessive traits. These seedlings
exhibit severely delayed development including reduced leaf number, dramatically smaller
rosette and leaf sizes, reduced length of the primary root, and reduced or absent formation
of secondary roots (Figure 3.4B and C). A characteristic phenotype of pkl seedlings is a
reduction in branching of trichomes (unicellular hair-like structures on the surface of the
leaf) from the three branches typical of wild type to two (Figure 3.4E) (Li et al., 2005). The
F2 seedlings exhibiting the putative pkl pie1 phenotype either had no visible trichomes or
predominantly exhibited trichomes with no apparent branching (Figure 3.4F). This
indicates that the reduced trichome branching phenotype of pkl is enhanced in the putative
pkl pie1 seedlings. PCR analysis of the genotypes of these seedlings indicate that they are
homozygous null for both PKL and PIE1, although a larger-scale analysis will be required
to determine whether this genotype co-segregates with the phenotypes described in Figure
3.4.

Figure 3.4 The F2 Progeny of a pie1-5 x pkl-10 Cross Exhibit Segregating
Developmental Phenotypes
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(A-C) Images of seedlings from the F2 generation of a cross between pie1-5 and pkl-10 taken at three weeks
after germination. Scale bars represent 2 mm. (A) A seedling exhibiting the typical pkl phenotypes of small
rosette diameter and reduced petiole length. (B) A representative seedling exhibiting the putative pkl pie1
phenotype. (C) A relatively healthy seedling exhibiting the putative pkl pie1 phenotype. (D-E) Images of the
leaf epidermis of F2 seedlings takes at three weeks after germination. Image contrast has been enhanced.
Scale bars represent 200 µm. (D) The surface of a wild-type leaf displaying a typical three-branched trichome.
(E) The surface of a pkl leaf with several two branched trichomes, a characteristic phenotype of pkl seedlings.
(F) The surface of a leaf from a plant exhibiting the putative pkl pie1 phenotype. Arrows indicate trichomes
with no apparent branching.

The profound synthetic defects present in pkl pie1 seedlings raise the possibility that PKL
and PIE1 function in common pathways and/or control expression of a common set of
target genes. Since PIE1 deposits H2A.Z in chromatin, we hypothesized that PKL may act
in the same manner. We used ChIP to examine the levels of H2A.Z at the known PKL
target gene LEC2 in two-week-old pkl and wild-type seedlings (Figure 3.5). Relative to
wild type, the pkl seedlings exhibited a two-fold reduction in H3K27me3 levels as
previously described (Zhang et al., 2008). Strikingly, the pkl seedlings also exhibited a
two-fold reduction in the level of H2A.Z, indicating that PKL promotes H2A.Z at LEC2.
Further, the magnitude of the defect in H2A.Z in pkl is just as great as the H3K27me3
defect at this locus, suggesting that the contribution of PKL to H2A.Z is as integral as the
its contribution to H3K27me3, at least at LEC2.
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Figure 3.5 PKL Promotes H2A.Z at LEC2
Figure credited to Brett Bishop. Wild-type and pkl seedlings were grown on MSS media plates and harvested
at two weeks after plating. ChIP was used to examine H2A.Z levels at the promoter region of the LEC2 locus
using a rabbit polyclonal anti-H2A.Z antibody (courtesy of Roger Deal). Data are normalized to input and to
H3 levels. Error bars indicated standard deviation between three biological replicates.

To examine the contribution of PKL to H2A.Z levels genome-wide, we undertook ChIPseq and RNA-seq analyses on three-week-old aerial tissues of wild-type, pkl-1, pie1-5, and
pkl EMS enhancer seedlings. In addition, we performed these analyses on clf plants, which
lack a SET-domain methytransferase that deposits H3K27me3 (Schubert et al., 2006) and
provide a comparison for genes that are misexpressed when an H3K27me3 pathway is
perturbed.
For the RNA-seq analysis, whole-cell RNA was harvested in three replicates for
each genotype and strand-specific cDNA libraries were prepared and sequenced using
Illumina technology. The resulting fastq files were trimmed of adapter sequences and lowquality bases using Trimmomatic (Bolger et al., 2014) and were mapped to the Arabidopsis
TAIR10 reference genome using HISAT2 (Kim et al., 2015). DEGs were identified for
each treatment relative to wild-type using an exact statistical test in edgeR (Robinson et al.,
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2010; Robinson and Smyth, 2008) and a P-value threshold of ≤ 0.05. The numbers of genes
that were found to be differentially expressed for each genotype are summarized in Table
3.1. The subsets of DEGs exhibiting greater than 2-fold and 3-fold changes in expression
are also listed.

Table 3.1 Numbers of Differentially Expressed Genes for Each Genotype
Genes with Increased Expression

Genes with Decreased Expression

Sample
pkl-1

All
1809

2-fold cutoff
770

3-fold cutoff
250

All
1549

2-fold cutoff
707

3-fold cutoff
311

pie1-5

1780

1086

485

1406

658

223

EMS Enhancer

968

283

95

1321

524

193

clf
1470
503
186
1534
605
241
Differentially expressed genes were identified relative to wild-type plants using edgeR and a P-value
threshold of 0.05. Each entry represents the total number of genes for that category. Cutoff values indicate
the number of genes meeting the given expression threshold, for example a 2-fold cutoff for increased
expression indicates a transcript level at least twice that of wild type.

We identified about 2,000 to 3,000 DEGs for each genotype in total. Interestingly, the
number of DEGs identified for the EMS enhancer line was greatly reduced relative to pkl,
suggesting that the EMS line exhibits rescue, not enhancement, of the transcript defects
observed in pkl plants. In addition to the fewer DEGs identified in the EMS enhancer
relative to pkl, we examined whether the DEGs that were in common between the two
treatments exhibited different levels of mis-expression on average. We found that the
average magnitude of the expression defects (both up and down) relative to wild-type
plants was only 80% as large in the EMS enhancer as in pkl (Figure 3.6). Thus, the EMS
line is both an enhancer of the pickle root phenotype and a suppressor of the transcript
defects associated with pkl in the shoot.
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Figure 3.6 The EMS Enhancer Partially Rescues pkl Gene Expression Defects
Average fold changes relative to wild type were calculated for all genes that are mis-expressed in both pkl
and in the EMS enhancer. Genes exhibiting less than a 2-fold change in transcript in pkl were excluded. Data
are presented as the percent magnitude of fold change in the EMS enhancer normalized to pkl.

3.2.3

PKL, PIE1, and CLF Affect Expression of Stimulus-response Genes

To determine the degree to which PKL, PIE1, and CLF affect expression of common
subsets of genes, we performed intersection analyses on the genes that are misexpressed in
each line. We found statistically significant intersections for genes that go up or down in
both pkl and pie1 as well as for pkl and clf (Figure 3.6A). These findings are consistent
with a role for PKL in both H3K27me3-related processes and H2A.Z-related processes.
Interestingly, we also observed strong overlaps between PIE1- and CLF-dependent genes
(Figure 3.6A), suggesting that a common subset of genes may be dependent on both H2A.Z
and H3K27me3 for proper expression. To determine whether these three epigenetic factors
affect expression of a single subset of genes, we examined the intersection of genes that go
up in all three mutant genotypes or down in all three genotypes. Strikingly, we identified
187 genes that go up in all three treatments (6.2 genes expected by chance), and 182 genes
that go down in all three treatments (4.4 genes expected by chance) (Figure 3.6B and C).
These reveal that H2A.Z, H3K27me3, and PKL are each required to control expression of
a specific subset of genes.
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Figure 3.6 PKL, PIE1, and CLF Affect Expression of Common Sets of Genes
(A) Intersections between genes that are mis-regulated in pkl, clf, or pie1. P-values were obtained using exact
binomial tests. Asterisks indicate rejection of the null hypothesis of the intersection being observed by chance
using a significance threshold of α = 10-5. Obs. = observed. Exp. = expected by chance. (B) Venn diagram
depicting the three-way intersection of genes that go up in pkl, clf, and pie1. The asterisk indicates a
significant P-value of < 2.2E-16 by an exact binomial test. Three-way intersection expected by chance: 6.2
genes. (C) Venn diagram depicting the three-way intersection of genes that go down in pkl, clf, and pie1. The
asterisk indicates a significant P-value of < 2.2E-16 by an exact binomial test. Three-way intersection
expected by chance: 4.4 genes.

To examine the biological roles of genes that are dependent on PKL, PIE1, and/or CLF for
expression, we performed gene ontology analysis using PANTHER (Ashburner et al., 2000;
Mi et al., 2013). For genes exhibiting PKL-dependent expression, we observed a strong
contrast in GO term enrichment between the subset of genes that go up in pkl and the subset
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that goes down in pkl (Table 3.2). Genes with increased expression in pkl are weakly
enriched for GO terms associated with polysaccharide metabolism. In contrast, genes with
reduced expression in pkl are strongly associated with response to various stimuli including
pathogens and abiotic stressors. Interestingly, this pattern is similar to that observed for
CLF-dependent genes (Table 3.3). Genes that go down in clf are strongly enriched for
stimulus response pathways, and genes that go up in clf are enriched for metabolic
pathways. Unlike pkl, the genes that go up in clf have weaker, but present, stimulus
response terms. These results indicate that both PKL and CLF are necessary for expression
of genes associated with response to stimuli. This finding is surprising as CLF deposits
H3K27me3. It is possible that this repressive mark is necessary for activation of stimulus
response genes through a novel mechanism. Alternatively, both PKL and CLF could act
indirectly through H3K27me3-mediated repression of a transcriptional repressor of
stimulus-related genes.
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Table 3.2 GO Analysis of PKL-dependent Genes
Up in pkl
P-value
4.98E-06
6.42E-05
2.44E-04
1.02E-03
1.02E-03
1.75E-03
6.53E-03
1.63E-03
9.16E-03
2.33E-02
P-value
2.95E-52
1.89E-42
2.25E-40
8.34E-37
2.95E-36
3.58E-32
6.43E-27
2.12E-24
1.08E-23
1.51E-22

GO Term
starch metabolic process (GO:0005982)
starch catabolic process (GO:0005983)
glucan catabolic process (GO:0009251)
cellular glucan metabolic process (GO:0006073)
glucan metabolic process (GO:0044042)
cellular polysaccharide catabolic process (GO:0044247)
cellular carbohydrate catabolic process (GO:0044275)
single-organism metabolic process (GO:0044710)
single-organism process (GO:0044699)
single-organism cellular process (GO:0044763)
Down in pkl
GO Term
response to stimulus (GO:0050896)
response to chemical (GO:0042221)
response to oxygen-containing compound (GO:1901700)
response to stress (GO:0006950)
response to organic substance (GO:0010033)
response to acid chemical (GO:0001101)
response to endogenous stimulus (GO:0009719)
response to external stimulus (GO:0009605)
defense response (GO:0006952)
response to wounding (GO:0009611)

Gene ontology analysis was performed on PKL-dependent genes using PANTHER. The top ten GO terms
are presented for each with their corresponding P-values.
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Table 3.3 GO Analysis of CLF-dependent Genes
Up in clf
P-value
3.97E-22
6.49E-14
3.53E-10
1.25E-08
2.10E-07
4.01E-07
9.34E-07
9.34E-07
1.77E-06
2.49E-06
P-value
6.92E-35
4.10E-28
6.95E-26
1.44E-24
6.41E-24
8.05E-24
6.19E-21
2.00E-18
3.21E-18
1.41E-17

GO Term
single-organism process (GO:0044699)
single-organism cellular process (GO:0044763)
single-organism metabolic process (GO:0044710)
response to abiotic stimulus (GO:0009628)
response to stimulus (GO:0050896)
cellular carbohydrate metabolic process (GO:0044262)
cellular glucan metabolic process (GO:0006073)
glucan metabolic process (GO:0044042)
lipid metabolic process (GO:0006629)
single-organism biosynthetic process (GO:0044711)
Down in clf
GO Term
response to stimulus (GO:0050896)
response to stress (GO:0006950)
response to oxygen-containing compound (GO:1901700)
response to chemical (GO:0042221)
response to organic substance (GO:0010033)
response to acid chemical (GO:0001101)
response to endogenous stimulus (GO:0009719)
response to hormone (GO:0009725)
response to external stimulus (GO:0009605)
defense response (GO:0006952)

Gene ontology analysis was performed on CLF-dependent genes using PANTHER. The top ten GO terms
are presented for each with their corresponding P-values.

GO analysis performed on the PIE1-dependent genes revealed that they are also associated
with response to stimuli, in agreement with published findings indicating that deposition
of H2A.Z in gene bodies by PIE1 promotes responsivity but negatively correlates with
gene expression (Coleman-Derr and Zilberman, 2012; Deal et al., 2007). This raises the
possibility that PIE1, CLF, and PKL cooperate to promote expression of a common subset
of genes. GO analysis was also performed on the genes that exhibit altered expression in
all three treatments, and genes that go down in all three are enriched for GO terms
associated with stimulus response (Table 3.5). These findings indicate that genes that
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require PKL, PIE1, and CLF for expression are enriched for genes involved in stimulus
response.

Table 3.4 GO Analysis of PIE1-dependent Genes
Up in pie1
P-value
1.64E-09
2.60E-08
3.43E-08
1.13E-07
1.43E-06
3.73E-06
4.11E-06
7.78E-06
1.90E-05
3.25E-05
P-value
1.52E-04
1.11E-03
1.70E-03
4.27E-03
1.26E-02
1.45E-02
1.63E-02
1.64E-02
1.67E-02
2.27E-02

GO Term
response to stress (GO:0006950)
response to stimulus (GO:0050896)
single-organism process (GO:0044699)
response to chemical (GO:0042221)
defense response (GO:0006952)
single-organism metabolic process (GO:0044710)
response to oxygen-containing compound (GO:1901700)
response to bacterium (GO:0009617)
response to organic substance (GO:0010033)
single-organism cellular process (GO:0044763)
Down in pie1
GO Term
response to wounding (GO:0009611)
response to acid chemical (GO:0001101)
response to stress (GO:0006950)
small molecule metabolic process (GO:0044281)
photosynthesis, light harvesting in photosystem I (GO:0009768)
response to oxygen-containing compound (GO:1901700)
small molecule catabolic process (GO:0044282)
single-organism metabolic process (GO:0044710)
single-organism process (GO:0044699)
response to stimulus (GO:0050896)

Gene ontology analysis was performed on genes that exhibit PIE1-dependent expression using PANTHER,
and the top ten GO terms are presented with their corresponding P-values.
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Table 3.5 Genes that Go Down in clf, pkl, and pie1 Are Enriched for Stimulus Response
GO Terms
Up in pkl, clf, and pie1
P-value GO Term
4.86E-02 circadian rhythm (GO:0007623)
1.20E-02 single-organism metabolic process (GO:0044710)
Down in pkl, clf, and pie1
P-value GO Term
9.40E-13 response to wounding (GO:0009611)
2.65E-08 response to stimulus (GO:0050896)
1.89E-05 response to oxygen-containing compound (GO:1901700)
3.92E-05 response to acid chemical (GO:0001101)
5.96E-05 response to chemical (GO:0042221)
7.90E-05 jasmonic acid metabolic process (GO:0009694)
8.49E-05 response to organic substance (GO:0010033)
8.98E-05 response to stress (GO:0006950)
2.47E-04 response to endogenous stimulus (GO:0009719)
2.61E-04 response to hormone (GO:0009725)
Gene ontology analysis was performed on genes that exhibit altered expression in all three of clf, pie1, and
pkl using PANTHER, and the top GO terms are presented with their corresponding P-values.

3.2.4

Ongoing Work and Discussion

The pie1-D372N allele present in our enhancer of pkl line appears to be a phenotypic
enhancer in regard to pickle root and yet partially suppresses the transcript defects
associated with pkl. Due to the emergent nature of the pickle root phenotype, this is not
necessarily a conflicting result. Further understanding of the specific factors that promote
pickle root formation would be necessary to meaningfully correlate this phenotype with
the suppression of the gene expression defect in the EMS-generated enhancer line. These
results also underscore our lack of understanding of the effect of the D372N substitution
on PIE1 activity. We are currently performing ChIP-seq analysis of the levels of H2A.Z in
the enhancer line. This will allow us to determine whether our novel pie1 allele is
enhancing or suppressing the pkl H2A.Z phenotype.
The common set of genes that are affected by all of pkl, clf, and pie1 presents the
attractive possibility of crosstalk between the H2A.Z and H3K27me3 pathways in
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Arabidopsis. This possibility can be clarified by examining the enrichment of the H2A.Z
and H3K27me3 epigenetic marks at the DEGs identified in the RNA-seq analysis. This
process is ongoing. Preliminary visual examination of the ChIP-seq data supports a
genome-wide role for PKL in promoting H2A.Z, much as it does for H3K27me3. However,
a rigorous statistical analysis has not yet been completed. If the stimulus-response DEGs
lose H2A.Z enrichment in pkl but also exhibit reduced transcript levels, it would be a
surprising finding: previous characterization of H2A.Z-deficient mutants in Arabidopsis
indicate that H2A.Z enrichment is negatively correlated with expression levels (ColemanDerr and Zilberman, 2012; Deal et al., 2007). The observation that response genes are
misregulated in pkl seedlings also raises the possibility that pkl seedlings are more
susceptible to abiotic and/or biotic stress. We are currently undertaking experiments to
examine this possibility.
An indirect model can also be proposed for the differential expression of the
stimulus-response genes in both pkl and in clf. Reduction in H3K27me3 could perturb the
developmental identity of the seedling tissues in these mutants, indirectly altering
expression of stimulus-related genes through an emergent mechanism. This would be
difficult to formally test, but use of PKL-FLAG seedlings could determine whether PKL
directly associates with these loci.
A question that we have not yet addressed is whether PKL binds preferentially to
nucleosomes modified with H3K27me3 or containing H2A.Z. Since the mechanism of
PKL recruitment is unknown, it will be interesting to examine PKL occupancy at genes
determined to be enriched for H2A.Z and/or H3K27me3 in our ChIP-seq analysis. We can
combine these results with binding assays using PKL peptides currently underway in the
lab to elucidate the specificity of PKL for differentially modified nucleosomes.
The roles of PKL in promoting H2A.Z and H3K27me3 are consistent with recent
studies performed on mouse neuronal tissues. Murine Chd4 has been implicated in
deposition of H2A.Z at activity-dependent genes in the cerebellum (Yang et al., 2016).
However, it was proposed that deposition of H2A.Z by Chd4 is a mechanism of gene
inactivation, whereas we observe that stimulus and developmental response genes exhibit
lower transcript levels in pkl seedlings relative to wild type. Our ChIP-seq analyses will
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clarify the correlation between changes in H2A.Z levels and changes in transcript levels in
pkl seedlings. In addition to H2A.Z, CHD remodelers are known to affect H3K27me3 in
animals. The chromatin remodeler Chd5 binds to H3K27me via its chromodomains and is
necessary to maintain H3K27me3 levels at select Polycomb target genes in the mouse
neocortex (Egan et al., 2013). Like PKL, Chd5 is necessary for both repression and
activation of H3K27me3 target genes in the developing brain (Egan et al., 2013). These
similarities in biological roles between PKL and mouse Chd4 and Chd5 are striking.
However, it was proposed that these mouse remodelers perform their epigenetic roles as
members of NuRD or NuRD-like complexes (Egan et al., 2013; Yang et al., 2016), whereas
PKL is thought to act as a monomer (Ho et al., 2013). Thus, the ability of PKL to promote
H3K27me3 and H2A.Z independently of a NuRD-like complex may be indicative of an
evolutionarily ancient role of CHD remodelers that predates development of NuRD
complexes. In addition, the observation that PKL can promote H3K27me3 and H2A.Z
suggests that animal Chd4 and Chd5 may facilitate deposition and/or maintenance of these
marks in a NuRD-independent manner. Finally, it remains possible that Chd5 has an as-ofyet uncharacterized role in promoting H2A.Z in a similar manner as PKL and Chd4. The
zebrafish model system currently in use in our lab will provide an ideal context in which
to characterize a potential contribution of Chd5 to H2A.Z-related processes.

3.3

Materials and Methods

The following methods were utilized in addition to those described in previous chapters.
EMS mutagenesis is described in Chapter 6.

3.3.1

Sequencing of EMS Enhancer Lines

These methods are credited to and performed by Nick Carpita.
EMS-induced pkl enhancer lines were backcrossed a minimum of three times. Genomic
DNA was extracted using a Plant DNeasy kit (Qiagen). One milligram of each sample was
sent to the Purdue Genomics Core facility for deep sequencing using the ABI SOLiD
system (http://www.genomics.purdue.edu/services/core.shtml). Genome sequences were
aligned to the TAIR10 reference assembly and SHOREmapping was used to identify G-

64
to-A substitutions induced by EMS in the coding regions of genes (Schneeberger et al.,
2009).
3.3.2

Generation of PIE1-MYC Plant Lines

The genomic copy of PIE1, including introns and 1.5 kb of upstream sequence but
excluding the stop codon, was cloned from wild-type Arabidopsis a recombined into the
pENTR vector using the pENTR/D-TOPO cloning kit (Thermo cat# K240020). Gateway
recombination was performed to transfer the clone fragment into the pEarleyGate303
binary vector (Earley et al., 2006). Transgenic plants were generated and homozygous T3
lines were isolates as described previously (Li et al., 2005).

3.3.3

RNA-seq Analysis

RNA was harvested from wild-type, pkl, clf, pie1, and EMS enhancer T4 Arabidopsis
seedlings in three replicates and cDNA was generated as described previously (Carter et
al., 2016). Tagged cDNA libraries were generated using a ThruPLEX DNA-seq Kit from
Rubicon Genomics. Indexed libraries were sequenced using Illumina Hi-seq technology.
FastQ files were trimmed of low-quality bases and adapter sequences using Trimmomatic
(Bolger et al., 2014). Trimmed sequences were aligned to the Arabidopsis TAIR10 genome
assembly using HISAT2 (Kim et al., 2015). Differentially expressed genes were identified
using edgeR and an exact statistical test (Robinson and Smyth, 2008) and a corrected Pvalue threshold of < 0.05. Statistical significance of gene intersections was calculated using
two-tailed exact binomial tests and RStudio.
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CHAPTER 4. PKL PHENOTYPES ARE DEPENDENT ON H3K56 ACETYLATION

4.1

H2A.Z and H3K56 Acetylation

In chapter 3, we determined that PKL promotes levels of the histone variant H2A.Z in
chromatin. A previous study indicated that the activity of the SWR1-C complex that
deposits H2A.Z in S. cerevisiae is sensitive to the status of H3K56ac: when this mark is
absent, SWR1-C catalyzes deposition of H2A.Z. When H3K56ac is present, SWR1-C
catalyzes the replacement of H2A.Z with canonical H2A (Watanabe et al., 2013). It is
unknown if this mechanism is conserved in plants. However, chemical inhibitors of the
enzymes that deposit or remove H3K56ac are commercially available, providing an
attractive chemical genetic approach to investigating potential interactions between the
H3K56ac pathway and H2A.Z/PKL in Arabidopsis. H3K56ac is an epigenetic modification
that facilitates assembly of nucleosomes into chromatin during DNA replication and repair
(Das et al., 2009; Li et al., 2008). Like other acetylation marks, H3K56ac is deposited by
histone acetyltransferases and removed by histone deacetylases (Seto and Yoshida, 2014;
Vempati et al., 2010). Specifically, the sirtuins are a class of histone deacetylases that
catalyze removal of H3K56ac from chromatin (Das et al., 2009; North and Verdin, 2004;
Seto and Yoshida, 2014; Vempati et al., 2010; Xu et al., 2007). The histone deacetylase
inhibitor nicotinamide is an effective chemical inhibitor of the sirtuins (Landry et al., 2000).
Thus, treatment of Arabidopsis seedlings with nicotinamide is predicted to increase the
level of H3K56ac in chromatin. If the mechanism described by Watanabe et al. operates in
Arabidopsis, we also predict that the increased H3K56ac levels will result in reduced
H2A.Z levels, although this will need to be determined.
Conversely, the level of H3K56ac can potentially be decreased by treating the
seedlings with histone acetyltransferase inhibitors. One of these, curcumin, has been shown
to inhibit the acetyltransferases that deposit H3K56ac in mammals (Balasubramanyam et
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al., 2004). Thus if we observe alterations in pkl phenotypes with application of
nicotinamide, treatment with curcumin may suppress the effect. This chapter details
exploratory experiments utilizing these chemical inhibitors to investigate their effects on
pkl plants.

4.2
4.2.1

Experimental Results

Nicotinamide Treatment Enhances pkl Phenotypes

It is not known whether the sirtuin inhibitor nicotinamide affects H3K56ac levels in plants.
To determine this, we grew Arabidopsis seedlings in the presence or absence of
nicotinamide and used ChIP to examine the levels of H3K56ac. Preliminary results from
this experiment suggests that nicotinamide may be increasing the level of H3K56ac in
Arabidopsis seedlings, although biological replicates will be necessary to draw solid
conclusions (Figure 4.1).

Figure 4.1 Treatment with Nicotinamide Increases Levels of H3K56ac at LEC2
Preliminary data from Brett Bishop. Seedlings were plated on MSS media with or without 2.5 mM
nicotinamide. ChIP was performed using an anti-H3K56ac antibody and the levels of H3K56ac were
determined as a percentage of input relative to H3 occupancy. Primers amplify the promoter region of the
LEC2 locus. No biological replicates have yet been performed.

67
To test whether increased H3K56ac levels correlate with changes in pkl phenotypes, we
grew seedlings on media supplemented with the histone deacetylase inhibitors
nicotinamide (nic), trichostatin A (TSA), or sodium butyrate. Of these deacetylase
inhibitors, nicotinamide is the only one that has been shown to inhibit the sirtuins in other
species (Landry et al., 2000). We scored the penetrance of the pickle root phenotype for
seedlings growth under these conditions (Figure 4.2). Treatments with methanol and
DMSO are included as solvent controls, and the gibberellin biosynthesis inhibitor
uniconazole (U8) is included as a positive control for elevated pickle root penetrance (Ogas
et al., 1997). We observed that treatment with nicotinamide, but not with either of the other
deacetylase inhibitors, resulted in increased penetrance of the pickle root phenotype.
Notably, the effect on pickle root penetrance correlated with the dosage of nicotinamide.
This result raises the possibility that increased H3K56ac levels correlate with enhanced pkl
phenotypes.

Figure 4.2 Nicotinamide Specifically Enhances Pickle Root Penetrance
Seedlings of the indicated genotypes were plated on MSS media plates supplemented with the indicated
chemicals. Pickle root penetrance was scored at two weeks after plating. Data are representative of three
biological replicates. Each data point represents a population of 144 seedlings.
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To clarify whether the enhanced pickle root penetrance observed in the seedlings grown in
the presence of nicotinamide is associated with elevated H3K56ac levels, we co-treated the
seedlings with the histone acetyltransferase inhibitor curcumin, which has been shown to
block H3K56ac deposition in mammals (Balasubramanyam et al., 2004). We found that
seedlings grown on media plates containing both curcumin and nicotinamide exhibited
reduced pickle root penetrance relative to those grown on nicotinamide alone (Figure 4.3A).
Interestingly, the 2.5 mM dose of nicotinamide was almost completely suppressed by the
addition of 100 µM curcumin. Notably, addition of curcumin was not able to suppress the
elevated pickle root penetrance in the seedlings treated with uniconazole (U8), suggesting
that curcumin and nicotinamide modulate this phenotype via a pathway that is distinct from
gibberellin.

69
Figure 4.3 Curcumin, but not Uniconazole, Suppresses the Effects of Nicotinamide
(A) Seedlings of the indicated genotypes were plated on MSS media plates supplemented with the indicated
chemicals. Pickle root penetrance was scored at two weeks after plating. Data are representative of three
biological replicates. Each data point represents a population of 144 seedlings. (B) Light microscopy images
of the seedlings from panel A taken at the same scale. “Nic + Cur” = 5 mM nicotinamide + 100 µM curcumin.

In addition to the pickle root phenotype, treatment with nicotinamide visibly sickened the
seedlings in terms of coloration and rosette diameter (Figure 4.3B). Strikingly, coapplication of curcumin suppressed these phenotypes, resulting in rescue of the small
rosette and discoloration phenotypes. However, media containing curcumin assumes a
slightly orange hue (Figure 4.3B). Further experiments will be needed to rule out the
possibility of enhanced seedling health from shading of the roots. It should be noted that,
if shading of the roots is occurring, it was not sufficient to rescue the pickle root penetrance
of seedlings treated with uniconazole (Figure 4.3A).
In light of the enhancement of pkl phenotypes by nicotinamide, we hypothesized
that one or more PKL-dependent genes would exhibit altered transcript levels in the
presence of nicotinamide and/or curcumin. We used qRT-PCR to examine transcript levels
of the PKL-dependent genes PHE1, LEC1, and LEC2 (Figure 4.4) in WT and pkl seedlings
in the presence or absence of nicotinamide and curcumin. Pickle roots were specifically
excluded from this analysis due to their abnormal developmental state. Treatment with
nicotinamide resulted in elevated levels of the LEC genes in 14-day-old pkl-10 seedlings.
This effect was suppressed by concurrent treatment with curcumin (Figure 4.4A). This
pattern is consistent with nicotinamide enhancing pkl phenotypes and demonstrates that
this effect occurs at the transcriptional level. However, treatment of WT seedlings with
nicotinamide alone did not result in a substantial derepression of PKL-dependent genes.
Instead, strong derepression of PHE1 and LEC1 was observed only with concurrent
application of nicotinamide and curcumin (Figure 4.4B). This result suggests that an
increase in H3K56ac is not sufficient to result in a pkl-like phenotype in a WT plant. It is
possible that simultaneous treatment of nicotinamide and curcumin results in altered
homeostasis of H3K56ac that somehow induces a pkl-like transcriptional state in WT
plants. However, no pickle roots were observed in WT plants treated with both
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nicotinamide and curcumin. Further investigation into the transcriptional role of H3K56ac
in Arabidopsis will be required to interpret the results for the nicotinamide- and curcumintreated WT seedlings.

Figure 4.4 Nicotinamide Enhances pkl Transcript Phenotypes
qRT-PCR was used to determine the relative transcript level of the indicated genes in two-week-old (A) pkl10 and (B) WT seedlings. Seedlings were grown on media plates supplemented with the indicated chemicals.
18S rRNA was used as the reference gene. Transcript levels are normalized to expression in untreated
seedlings. Error bars represent standard deviation from three biological replicates.

71
4.2.2

Nicotinamide Acts During Germination to Promote Pickle Root Formation

We previously observed that PKL is necessary specifically during seed germination to
suppress the pickle root phenotype (Li et al., 2005). We therefore hypothesized that the
exposure to nicotinamide specifically during germination is sufficient to promote pickle
root formation. To test this hypothesis, we plated pkl seedlings on MS medium or on MS
medium supplemented with 2.5 mM nicotinamide. After varying numbers of days, the
seedlings were transferred to a media plate of the opposite type. Pickle root penetrance was
scored after two weeks of growth (Figure 4.5). In our hands, germination occurs at one day
after plating. We observed that seedlings transferred from MS media to nicotinamidecontaining media (gray bars) before one day of growth exhibit elevated pickle root
penetrance. In contrast, seedlings transferred to nicotinamide media after one day of growth
exhibit the normal 5% penetrance. Conversely, seedlings transferred from nicotinamide
media to standard media (black bars) only exhibit elevated pickle root penetrance when
transferred after one day of growth. Taken together, these data indicate that the presence
or absence of nicotinamide during the 1-day-after-plating time point determines whether
elevated penetrance or normal penetrance is observed. These results indicate that
nicotinamide acts specifically during the window of germination to promote pickle root
penetrance.

Figure 4.5 Nicotinamide Acts During Germination to Promote Pickle Root Formation
Seeds were plated on either MSS or MSS supplemented with 2.5mM nicotinamide (Nic). Seedlings were
transferred between the two conditions at 0 to 4 days after plating and scored for the pickle root phenotype
after 14 days of growth. Each data point represents 144 seedlings.
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4.3

Discussion

The observation that nicotinamide enhances pickle root penetrance and worsens the pkl
transcript phenotypes indicates that this sirtuin inhibitor affects the PKL pathway.
Significantly, the application of curcumin suppressed the elevated pickle root penetrance
of nicotinamide-treated seedlings but not of uniconazole-treated seedlings, suggesting that
these chemicals do not enhance this phenotype by acting on the gibberellin pathway.
Instead, they may function in a novel pathway to alter pkl phenotypes. The observation that
seedlings treated with nicotinamide exhibit elevated H3K56ac levels raises the possibility
that this pathway is H3K56 acetylation and potentially H2A.Z deposition, based on the
precedent of Watanabe et al. Further experiments will need to be conducted to examine the
levels of H2A.Z in chromatin in nicotinamide-treated seedlings. In addition, determining
whether knockout of the SIRTUIN 1 gene is a pkl enhancer will examine whether loss of
sirtuin activity can enhance pkl phenotypes. SIRTUIN 2, the other annotated Arabidopsis
sirtuin gene, is an unlikely target due to the mitochondrial localization of the SIRTUIN 2
protein (Konig et al., 2014). Another possible avenue of investigation would be a potential
effect of nicotinamide and H3K56ac on the cell cycle in Arabidopsis. It is known that
H3K56ac is associated with newly deposited chromatin during genome replication in yeast
(Kaplan et al., 2008; Stejskal et al., 2015). Thus far, the effect of cell cycle regulation on
PKL is unknown, and vice-versa. These combined approaches will shed light on the
identity of the novel pathway by which nicotinamide and curcumin modify pkl phenotypes.
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4.4

Materials and Methods

The following methods were utilized in addition to those described in previous chapters.
4.4.1

Chemical Treatments of Arabidopsis Seedlings

Arabidopsis seedlings were plated on MS medium according to standard lab practices (see
methods section in Chapter 2) with the following exception: 1000X stock solutions of
nicotinamide and curcumin were prepared in methanol and DMSO respectively. After
autoclaving, MSS medium was cooled to approximately 52 °C, and the 1000X stock was
added to a 1X concentration. The medium was mixed using a stir plate for 3 minutes, after
which the medium was poured into square petri dishes using standard protocol.
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CHAPTER 5. ANALYSIS OF DOMAIN DELETION ALLELES OF PKL

Specific author contributions are noted in figure legends.

5.1

Introduction

The CHD family of ATP-dependent chromatin remodelers contain a number of domains
of sequence conservation that contribute to binding and/or activity (Clapier and Cairns,
2009; Woodage et al., 1997). Indeed, the name of this class of remodelers is derived from
shared domain architecture: Chromodomains, ATPase/Helicase domain, and a domain
exhibiting sequence similarity with DNA-binding domains. The SNF2-like ATPase motor
is central to the structure and definition of ATP-dependent remodelers (Marfella and
Imbalzano, 2007). Unique accessory and regulatory domains are often found in close
association with the central ATPase and can assist in substrate binding and/or regulation
of ATPase activity (Hauk and Bowman, 2011). The chromodomain was identified in
Drosophila as a region of homology between the epigenetic repressors Polycomb and HP1
(Paro and Hogness, 1991). Tandem chromodomains are found in multiple remodelers of
the CHD family including CHD1, CHD3, CHD4, CHD5, and CHD7 (Eissenberg, 2012).
Chromodomains are often found in chromatin-associated machinery and facilitate
interactions with other proteins or with nucleic acids (Eissenberg, 2012). For example, the
chromodomains of CHD1 are necessary for interaction with transcriptional repressors and
for proper association with chromatin, although it is clear that other recruitment
mechanisms are also important for CHD remodelers (Kelley et al., 1999; Murawska and
Brehm, 2011; Tai et al., 2003). Further, it was found that the chromodomains of the
Drosophila CHD-family remodeler Mi-2 are necessary for proper ATPase activity,
nucleosome binding, and nucleosome mobilization (Bouazoune et al., 2002), illustrating
the importance of the chromodomains for all aspects of CHD remodeler activity.
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Interestingly, the chromodomains and ATPase domain of S. cerevisiae Chd1 were found
to physically interact in the absence of a nucleosomal substrate (Hauk et al., 2010), which
was proposed to restrict access of non-ideal substrates to the ATPase motor.
PKL is a member of subfamily II of CHD remodelers, which is characterized by
the presence of a PHD zinc finger, a domain commonly found in proteins associated with
chromatin (Bienz, 2006; Woodage et al., 1997). The PHD fingers of CHD remodelers have
been shown to be involved in binding of specifically modified histone tails (Mansfield et
al., 2011; Pena et al., 2006; Shi et al., 2006). Despite being in the same family as animal
CHD3 remodelers, PKL is unlikely to function in an analogous manner. Animal CHD3
remodelers are incorporated into multi-subunit complexes, and it is likely that PKL acts as
monomer in vivo (Ho et al., 2013). Further, animal CHD3 remodelers act as members of
Mi-2/NuRD complexes, which link DNA methylation to histone deacetylation (Wade et
al., 1999; Xue et al., 1998; Zhang et al., 1998). In contrast, PKL promotes the repressive
epigenetic modification H3K27me3, which is associated with Polycomb repression (Zhang
et al., 2012; Zhang et al., 2008) and has been linked to the PKL family member CHD5 in
the mammalian brain (Egan et al., 2013).
Previous studies on animal CHD remodelers have utilized domain deletion constructs
that lack one or more conserved regions to investigate the roles of these elements in
substrate binding and activity (Bouazoune et al., 2002; Morettini et al., 2011; Patel et al.,
2011; Ramirez et al., 2012). Due to the divergent epigenetic role of PKL relative to animal
CHD3 remodelers, a similar domain deletion approach may provide valuable new insights
into how PKL is recruited to its target genes as a monomer, how it alters the epigenetic
state of chromatin, and consequently how it affects gene expression and development. In
addition, the Arabidopsis CHD3 remodeler PKR2 described in chapter 2 is unusual in that
it lacks the PHD domain that is typical of this family of remodelers. Thus, investigating
the effects of loss of the PHD domain of PKL is relevant to understanding how PKR2 may
be contributing to chromatin remodeling and epigenetic regulation in the developing seed.
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5.2

Experimental Results

Creation of the domain deletion vector constructs is credited to Yinglin Bai.
5.2.1

Expression Analysis of PKL Domain Deletion Lines

To generate domain deletion alleles of PKL, the region of the gene corresponding to the
domain of interest was excised from the PKL-FLAG cDNA using restriction digests. The
vector was then ligated back together to form the desired construct. The PKL-FLAG
translational fusion is driven by the native PKL genomic promoter and has previously been
shown to be capable of rescuing all phenotypes associated with loss of PKL (Zhang et al.,
2012). Five deletion constructs were generated in this manner (Figure 5.1): PKL without
the sequence that codes for the PHD domain (pklΔPHD), without the sequence that codes
for the tandem chromodomains (pklΔChromo), without the sequence that codes for the
ATPase/helicase domain (pklΔATPase), without the sequence that codes for the putative
DNA-binding domain (pklΔD), and without the sequence that codes for the C-terminal
region that includes both the SANT and SLIDE domains (pklΔCterm) (Ho et al., 2013).
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Figure 5.1 Diagram of Domain Deletion Constructs
(A) Scale representation of the PKL-FLAG protein with domains of conservation annotated. (B) Scale representation of the PKL-FLAG mRNA indicating the
regions that were deleted to generate the constructs. (C) Table indicating the amino acid ranges that are missing in the domain deletion protein products.
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Arabidopsis wild-type and pkl-10 Col-0 plants were transformed with the domain deletion
alleles depicted in Figure 5.1 using Agrobacterium floral dip (Clough and Bent, 1998). T1
transformants were identified using the linked basta resistance marker. T2 seed populations
were harvested from resistant T1 specimens, and populations exhibiting 75% basta
resistance were genotyped using PCR with primers specific for the domain deletion cDNA
of interest. Three independent homozygous T3 populations were isolated using basta
selection and PCR for each construct.
Expression of PKL transcripts was assayed in the T3 generation using qRT-PCR.
In both the WT and pkl-10 backgrounds, expression of PKL transcripts is sharply elevated
in the pklΔATPase, pklΔD, and pklΔCterm lines (Figure 5.2A). Western blot analysis using
an anti-FLAG antibody reveals bands at the predicted sizes for the domain deletion
constructs (Figure 5.2B) once the larger apparent size of the PKL protein in SDS-PAGE is
accounted for (Ho et al., 2013). PEP-carboxylase is used as a loading control.

Figure 5.2 The ATPase, D, and C-terminus Constructs Are Robustly Expressed

79
(A) qRT-PCR was used to examine the relative levels of ACT7 and PKL transcripts in seedlings of the
indicated genotypes. The PKL primers anneal to a region of the wild-type transcript that is also present in
each of the domain deletion alleles. 18S rRNA was used as a reference gene. Transcript levels are normalized
to expression in wild-type seedlings. Data shown are representative of three biological replicates. Error bars
represent standard deviation between two technical replicates. (B) Western blot analysis of whole-cell protein
extract from homozygous T3 domain deletion lines using the indicated antibodies. Image contrast has been
enhanced. Predicted molecular weights: PKL-FLAG 160 kDa, pklΔATPase 109, pklΔD 158, pklΔCterm 105.

In contrast to the strong expression of the constructs examined in Figure 5.2, little to no
transcript or protein expression was detectable for the pklΔChromo or pklΔPHD construct
in any of the corresponding T3 lines (Figure 5.3). As T3 lines from multiple independent
T-DNA insertional events were analyzed for each construct, our inability to isolate a line
exhibiting strong expression of the Chromo or PHD constructs suggests that PKL protein
lacking the PHD or chromodomains may be toxic to the plant. Since plants lacking PKL
are still viable, this raises the possibility that the pklΔChromo or pklΔPHD protein either
exhibit a deleterious gain-of-function activity or act as a dominant negative for other related
remodelers. However, the results described in the later sections of this chapter detail
phenotypes associated with plants carrying these constructs, suggesting that they may be
expressed at a very low level or during earlier stages of development.
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Figure 5.3 The PHD and Chromo Constructs Are Poorly Expressed
(A) qRT-PCR was used to examine the relative levels of ACT7 and PKL transcripts in seedlings of the
indicated genotypes. The PKL primers anneal to a region of the wild-type transcript that is also present in
each of the domain deletion alleles. 18S rRNA was used as a reference gene. Transcript levels are normalized
to expression in wild-type seedlings. Data shown are representative of three biological replicates. Error bars
represent standard deviation between two technical replicates. (B) Western blot analysis of whole-cell protein
extract from homozygous T3 domain deletion lines using the indicated antibodies. Image contrast has been
enhanced. Predicted molecular weights: PKL-FLAG 160 kDa, pklΔChromo 145, pklΔPHD 153.
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5.2.2

The ATPase, D, and C-terminus Regions of PKL Are Necessary for Function

To investigate which domains of PKL are necessary for its function, we performed
complementation assays using the domain deletion constructs in a pkl genetic background.
We scored characteristic pkl phenotypes in the T3 generation of pkl-10 plants that were
homozygous for the domain deletion constructs. Relative to pkl-10, we observed no
significant differences in penetrance of the pickle root phenotype (Figure 5.4A), time to
the first open flower (Figure 5.4B), and fertility (Figure 5.4C) in the domain deletion lines.
These data indicate that the ATPase, D, and C-terminus regions of the PKL protein are
necessary for its role in development. However, no conclusions can be drawn about the
necessity of the Chromo and PHD domains due to the very low expression of these
constructs (Figure 5.3).
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Figure 5.4 pkl-10 Domain Deletion Lines do not Exhibit Rescue of pkl Phenotypes
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Panels A and B are credited to Brett Bishop. (A) Seeds of the indicated genotype were plated on MSS media
plates supplemented with 10-8 M uniconazole, and the seedlings were scored for the pickle root phenotype at
two weeks after germination. Each data point represents a population of 144 seedlings. Data shown are
representative of at least two independent lines. (B) Seeds of the indicated genotypes were sown in soil pots
and scored for the number of days before appearance of the first open flower. Error bars represent the standard
deviation of two independent lines. (C) Siliques were harvested from representative T3 plants approximately
one month after flowering and scored for seed number. Data are the averages of five siliques of maximal
length. Error bars represent ± one standard deviation. (A-C) No significant differences were observed for the
T3 lines relative to pkl using two-tailed Student’s t-tests and a Bonferroni correction for multiple hypothesis
testing (α = 0.05 before correction).

5.2.3

The PHD and Chromo Deletion Alleles Exhibit Dominant Negative Phenotypes

We also scored T3 lines of the domain deletion constructs in the wild-type Col-0
background for the phenotypes examined in Figure 5.4. Both the pklΔChromo and
pklΔPHD constructs induced pkl-like phenotypes in otherwise wild-type plants, indicating
that these constructs act as dominant negative alleles. T3 lines of pklΔChromo and
pklΔPHD form pickle roots with a low frequency (Figure 5.4A), a phenotype characteristic
of plants lacking PKL that is never observed in wild-type seedlings. Further, these plants
exhibited delayed flowering and reduced fertility (Figure 5.4B and C), also consistent with
defects in PKL activity. In contrast, none of the other domain deletion T3 lines exhibited
statistically significant differences in these traits relative to wild-type plants.
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Figure 5.5 Expression of the PHD and Chromo Constructs Induces pkl-like Phenotypes in
Otherwise WT Plants
Panels A and B are credited to Brett Bishop. The (A) Seeds of the indicated genotype were plated on MSS
media plates supplemented with 10-8 M uniconazole, and the seedlings were scored for the pickle root
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phenotype at two weeks after germination. Each data point represents a population of 144 seedlings. Data
shown are representative of at least two independent lines. (B) Seeds of the indicated genotypes were sown
in soil pots and scored for the number of days before appearance of the first open flower. Error bars represent
the standard deviation of two independent lines. Asterisks indicate significant differences relative to WT for
the indicated line using two-tailed Student’s t-tests and a Bonferroni correction for multiple hypothesis testing
(α = 0.05 before correction). (C) Siliques were harvested from representative T3 plants approximately one
month after flowering and scored for seed number. Data are the averages of five siliques of maximal length.
Error bars represent ± one standard deviation. Asterisks indicate significant differences relative to WT for
the indicated line using two-tailed Student’s t-tests and a Bonferroni correction for multiple hypothesis testing
(α = 0.05 before correction).

5.3

Discussion and Future Work

The presence of pkl phenotypes in wild-type plants transformed with pklΔChromo or
pklΔPHD suggests that PKL protein lacking either of these domains can somehow interfere
with functional PKL. Based on the very poor expression of these domain deletion proteins
(Figure 5.3), one model of action would be that PKL dimerizes in vivo and the unstable
domain deletion protein results in degradation of associated functional PKL. Precedent for
such a model can be found in S. cerevisiae Chd1p, which has been suggested to dimerize
(Pray-Grant et al., 2005; Tran et al., 2000), and in human ISWI-family remodelers, which
also act as dimers (Racki et al., 2009). However, preliminary Western blot analysis
suggests that the level of endogenous PKL protein in these lines is not reduced relative to
wild type (data not shown). Alternatively, it is possible that a hypothetical PKL dimer
would require both subunits to be active in order to function, and thus would not require
invoking degradation of endogenous PKL to produce dominant negative phenotypes.
However, in such a case it would be expected that the domain deletion protein constructs
would be detectable using Western blots, but the chromo and PHD constructs are not
(Figure 5.3).
Another model would be that the PHD and Chromo constructs are targeted to
genomic loci where they become fixed to the chromatin. In such a case, these proteins
could be nonfunctional and would occlude the endogenous PKL protein, resulting in
dominant negative phenotypes such as we observed. However, the poor expression of these
constructs leaves it an open question whether enough protein is produced to occlude
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endogenous PKL and produce dominant negative phenotypes. We will undertake ChIP
analyses in the domain deletion lines to determine whether the protein constructs are able
to localize to PKL target genes, providing us with information about which domains are
necessary for targeting of the protein.
Finally, it is possible that the domain deletion constructs are expressed only during
an earlier stage of development than was assayed in Figure 5.3. In this model, the constructs
would act as dominant negative alleles earlier in development and the resulting
perturbations in development would be observed as pkl-like phenotypes in the adult plants.
However, expression of these constructs is driven by the endogenous PKL promoter, which
makes it difficult to invoke a model in which expression of the constructs is drastically
altered from that of endogenous PKL.
The domain deletion constructs are under the control of the endogenous PKL
promoter sequence. However, the transcript levels of the ATPase, D, and C-terminus
constructs are higher than those observed for endogenous PKL (Figure 5.2). One possible
explanation for this discrepancy is the chromatin context of the T-DNA insertions
containing the constructs. Insertion into a transcriptionally active chromatin region could
promote expression to a higher level than that observed for endogenous PKL. However,
the relatively uniform increase in transcript levels of these constructs suggests a more
systematic explanation. Another possibility is that the introns present in the genomic copy
of PKL serve to reduce transcript levels through an uncharacterized regulatory mechanism.
While unexpected, this increased expression is advantageous to the aims of this project:
expression of a potential dominant negative construct at a 1:1 ratio with the endogenous
protein may not be sufficient to block the function of the endogenous protein. In contrast,
expression of the domain deletion construct at a higher level is more likely to obstruct
function of the endogenous machinery.
In case the PHD and chromo deletions are toxic to the plant and thus preclude
recovering a line with acceptable expression, we are generating inducible pklΔChromo and
pklΔPHD constructs in a pOpOn vector (Craft et al., 2005) driven by a dexamethasoneresponsive promoter. Induction of these constructs in seedlings will allow us to examine
the phenotypic and transcript consequences of loss of these domains of PKL. Finally, the
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seed-specific paralog of PKL, PKR2, is a CHD3 remodeler but lacks the characteristic PHD
domain. Thus, it is relevant to understanding how PKL may function without a PHD zinc
finger. We are also generating a pOpOn expression vector that can induce overexpression
of PKR2 throughout the plant upon treatment with dex. This will allow us to determine
whether this natural PHD deletion of PKL exhibits similar phenotypes as our pklΔPHD
construct and will potentially illuminate the dynamics that occur naturally in the
developing seed where these remodelers are both expressed.

5.4

Materials and Methods

The following methods were utilized in addition to those described in previous chapters:

5.4.1 Flowering Time Analysis
Seeds were sown in potting mix (Sun Gro Redi-earth Plug and Seedling soil, Scott's
Osmocote Plus fertilizer, and Marathon 1% granular insecticide). Seeds were then stratified
for three days to synchronize germination. Plants were grown in an AR75 incubator under
16 h of illumination and the date of the first flower emerging was recorded.
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CHAPTER 6. AN M3 ENHANCER SCREEN IN THE PKL-GR GENETIC
BACKGROUND

The mutant screen described in this chapter has largely been undertaken by student
researchers including Kyle McCarthy, Rob Painter, Lucas Banter, Quinton Nannet, Emily
Overway, and John Petroskey.

6.1

Introduction

PKL is a CHD chromatin remodeler in Arabidopsis thaliana that is necessary for activation
and repression of genes that are developmentally regulated (Carter et al., 2016; Henderson
et al., 2004; Ogas et al., 1999; Zhang et al., 2008). Loss of PKL has been shown to result
in a decrease in the repressive epigenetic modification H3K27me3, and it is likely that PKL
represses gene expression by promoting this mark (Zhang et al., 2012; Zhang et al., 2008).
However, the contribution of PKL to epigenetic pathways that contribute to gene activation
is poorly understood. In addition, the mechanism by which PKL is recruited to regulated
loci is unknown. Based on the complexity of other epigenetic pathways, we hypothesize
that PKL controls expression of developmentally regulated genes in concert with other
epigenetic factors.
To identify factors that act with PKL to control expression of developmentally
regulated genes, we are currently undertaking a genetic screen for enhancers of pkl
phenotypes. Plants lacking PKL exhibit abnormal transcript levels of genes related to
embryonic and floral identity (Carter et al., 2016; Henderson et al., 2004; Jing et al., 2013;
Ogas et al., 1997). Consequently, pkl plants are late-flowering and aberrantly express
embryonic characteristics in the roots and shoots of adult plants. Although mutations that
enhance these phenotypes would be of considerable interest, they could result in plants that
exhibit a total loss of tissue organization (callus) and plants that fail to flower. One example
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of how this could occur is through enhancement of the low-H3K27me3 phenotype of pkl
seedlings: total loss of H3K27me3 causes seedlings to degenerate into disorganized callus
(Bouyer et al., 2011). A conventional genetic screen would fail to uncover these types of
mutants since they would be unable to produce seeds. To identify such mutants, we
performed random mutagenesis on a population of inducible PKL-GR seeds (Li et al.,
2005), which contain a translational fusion of the PKL cDNA fused to the mammalian
glucocorticoid receptor. In the presence of the hormone dexamethasone (dex), PKL-GR is
localized to the nucleus and is active. In the absence of dex, PKL-GR is shuttled to the
cytoplasm and is inactive. This system allows us to propagate enhancer mutations that
would normally be lethal by growing them in the presence of dex to maintain PKL activity.
The plants are grown in the absence of dex only when screening for enhancer phenotypes.
This system also provides a convenient method for testing whether a potential enhancer
phenotype is PKL-dependent: the plants exhibiting the phenotype of interest are sprayed
with dex to induce PKL activity, and any rescue that occurs suggests a PKL-dependent trait.

6.2
6.2.1

Experimental Results

Generation of M2 Seed Pools

PKL-GR seeds were treated with 0.3% EMS, an alkylating agent that induces point
mutations in the genome, for 15 hours. EMS-treated M1 seeds were sown into soil pots in
ten flats and grown to maturity in the presence of dex. M2 seed pools were collected by
pooling the seeds from each flat into separate vials (Figure 6.1).
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Figure 6.1 Generation of the Ten PKL-GR EMS M2 Seed Pools
The mutagenized M1 seeds are each heterozygous for a unique set of EMS-induced point mutations. The
offspring M2 seeds will consequently be segregating for the various point mutations present in the parent
genome. Thus, some of the M2 generation will be homozygous for potential pkl enhancer mutations. We are
taking two approaches to identify lines with enhanced pkl phenotypes as described in the following sections.

6.2.2

M3 Screen for Seedling Phenotypes

The first approach to identify lines exhibiting enhanced pkl phenotypes requires generation
of M3 seed lines from individual M2 plants. Since these M3 seed lines are each collected
from a single plant, each line will be homozygous or segregating for a distinct set of point
mutations. This allows us to plate an M3 seed line on media plates in the presence or
absence of dex and subsequently to score the phenotypes in the population both with and
without PKL activity. Seed populations exhibiting phenotypes of interest are re-screened
in both the M3 and the M4 offspring generations.
The current progress on the M3 seedlings screen on media plates is summarized in
Table 6.1. Out of approximately 1,200 lines screened, 40 seed populations have obvious
and reproducible enhancement of pkl phenotypes that are suppressed when treated with
dex. These phenotypes include elevated pickle root penetrance, loss of tissue organization,
and reduced meristematic activation in the root and/or shoot. A selection of the lines with
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phenotypes of strong interest is presented in Table 6.2. These lines are being prepared for
genome sequencing as described in section 6.2.4.

Table 6.1 Summary of M3 Screen on Media Plates
Category
Number of Seed Lines
Total M3 Lines
3,717
Lines Screened for Phenotypes
1,196
Lines with Promising Phenotype
230
Strong, Consistent Phenotype of Interest
40
Current Sequencing Candidates
17
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Table 6.2 Selected Seed Lines of Strong Interest

Seed Generation

Phenotype

Phenotype
Penetrance
(No Dex)

Phenotype
Penetrance (With
Dex)

M4

Albino

19%

4%

M3

Both root and shoot meristem defect

8%

0%

M3

Developmental arrest after germination

26%

4%

M4

Elevated pickle root penetrance

31%

0%

M4

Elevated pickle root penetrance

48%

22%

M4

Elevated pickle root penetrance

63%

0%

M3

Elevated pickle root penetrance

32%

25%

M4

Elevated pickle root penetrance

28%

4%

M4

Elevated pickle root penetrance

41%

11%

M3

Elevated pickle root penetrance

11%

0%

M3

Elevated pickle root penetrance

14%

0%

M3

Elevated pickle root penetrance

27%

0%

M3

Root meristem growth defect

16%

8%

M3

Shoot apical meristem growth defect

28%

3%

M3

Shoot apical meristem growth defect

12%

4%

M3

Shoot apical meristem growth defect

19%

0%

M3
Single-branched trichomes
20%
12%
M3 and M4 seed lines were plated on MSS media plates (“No Dex”) or MSS media plates supplemented
with .01 mM dexamethasone (“With Dex”) and phenotypes were scored after approximately two weeks of
growth. Phenotype penetrance indicates the percentage of seedlings that exhibit the stated phenotype out of
a plated population of 144 seedlings.

6.2.3

M2 Screen for Flowering Phenotypes

The second approach to identifying mutant lines with enhanced pkl phenotypes involves
screening the M2 generation directly. M2 seed pools were sown in soil pots and grown in
the absence of dex for approximately five weeks. Plants that had bolted, formed siliques
with apparent seed filling, and were otherwise indistinguishable from pkl plants were
discarded. The remaining plants exhibited loss of fertility, failure to bolt, or other
phenotypes. These plants were treated with dex for two weeks, and the phenotype was reevaluated to determine whether any rescue had occurred. Plants that exhibited rescue were
grown to maturity and M3 seed lines were collected. The M3 lines were each sown into
two pots and differentially treated with dex in a manner analogous to the seedling screen
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described in section 6.2.1. The current progress of this screen is summarized in Table 6.3.
The enhancer mutants of interest include reduced or absent fertility. These mutants will
need further evaluation to determine whether they exhibit any of the pollen tube or
gametophytic defects described in chapter 2.

Table 6.3 Summary of M3 Flowering Lines of Interest
Category
Number of Seed Lines
Total M2 Plants
4 flats sown (~900 plants)
Plants with Dex-suppressed Phenotype
100
M3 Lines with Strong, Heritable Phenotype
24
6.3 Future Directions
In collaboration with Dr. Brian Dilkes, mutant lines that exhibit PKL-dependent
phenotypes will be sequenced using Illumina technology to identify polymorphisms that
are candidates for the causative mutation of interest based on the density of EMS-induced
base transitions in independently back-crossed lines. Once the candidate polymorphisms
have been identified, T-DNA knockout lines for the candidate genes will be ordered from
the Arabidopsis Biological Resource Center and crossed into a pkl-knockout line to
determine whether the phenotype can be recapitulated. For promising genes, the full-length
cDNA or genomic copy of the gene will be cloned from wild-type Arabidopsis and
transformed into the relevant EMS enhancer line to determine whether add-back of the
functional gene can alleviate the mutant phenotype. This procedure is analogous to the
method used to investigate the pkl pie1 EMS enhancer line described in chapter 3.

6.4

Materials and Methods

The following methods were utilized in addition to those described in previous chapters:

6.4.1

EMS Mutagenesis of Arabidopsis Seeds

This protocol is adapted from (Weigel and Glazebrook, 2006).
Approximately 10,000 PKL-GR pkl-1 Arabidopsis seeds were added to 50mL of 0.1%
Triton X-100 in a 50 mL conical vial and mixed by inverting five times. The solution was
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replaced with 40 mL of autoclaved ddH2O and inverted five times to wash. This wash step
was repeated four more times. The final wash was removed and replaced with 20 mL of
EMS solution (0.1 mM GA3, 0.3% (v/v) EMS, 0.01 mM dex). The vial was sealed with
Parafilm and rocked for 15 hours at room temperature. The EMS solution was pipetted into
a beaker containing neutralization solution (20% sodium thiosulfate, 1% sodium
hydroxide). The seeds were washed eight times with 40 mL of sterile ddH2O, with the last
wash being left on the seeds for one hour to allow the EMS to diffuse from the seeds. The
wash solutions were dispensed into the neutralization solution after each wash. After one
day of sitting at room temperature, the neutralization solution was discarded into the cup
sink at the back of the fume hood.
The seeds were suspended in 1.5 L of 0.15% agarose and sown into 10 flats (150mL
per flat, 10 mL per pot). The plants were grown to maturity with a bi-weekly application
of dex spray (0.01mM dex, 0.05% Tween-20). Each flat of M2 seed progeny was collected
into a single 1 dram vial to generate the M2 seed pools.
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CHAPTER 7. PERTURBATION OF H3K27ME3-ASSOCIATED EPIGENETIC
PROCESSES INCREASES AGROBACTERIUM-MEDIATED
TRANSFORMATION

Adapted from a manuscript submitted to Molecular Plant.
Authorship of this chapter is credited jointly to Stanton Gelvin, Ben Carter, Yanmin Zhu,
Joe Ogas, and Hidekazu Iwakawa. Specific author contributions are noted in figure
legends.

7.1

Introduction and Experimental Results

Agrobacterium-mediated transformation is a core technology for basic plant science and
agricultural biotechnology. Improving transformation frequency is a major goal for plant
transgenesis. Among the plant proteins that influence T-DNA integration into the plant
genome are histones and chromatin-associated factors that alter gene expression, such as
histone deacetylases and SGA1 (Crane and Gelvin, 2007; Gelvin and Kim, 2007; Lacroix
et al., 2008; Mysore et al., 2000; Zhu et al., 2003). Because T-DNA integration into the
genome is random, broadly acting chromatin proteins such as histones and histone
modifying enzymes, rather than proteins associated with expression of specific genes,
likely play important roles in transgene integration and expression. We previously found
that expression of specific classes of histones can alter transformation susceptibility of host
plants. All tested histone H2A (HTA) and H4 (HFO) cDNAs increased susceptibility when
overexpressed. In contrast, all tested H2B (HTB) cDNAs and most tested H3 (HTR)
cDNAs did not (Tenea et al., 2009). Here we characterize two instances in which
expression of HTR genes alters susceptibility to transformation.
The Arabidopsis genome comprises 15 HTR genes (Figure 7.1A; (Okada et al.,
2005). Most of the encoded proteins are similar in sequence (Figure 7.1B). We previously
showed that overexpression of a cDNA encoding HTR4 had no effect on transformation
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(Tenea et al., 2009). However, a T-DNA insertion between the tandem genes HTR5 and
HTR4 (the ratT17 mutant; Figure 7.2A) decreased transformation (Figure 7.2B). HTR5
and HTR4 encode identical replacement H3 proteins (Chaubet-Gigot et al., 2001; Chaubet
et al., 1992; Okada et al., 2005). Complementation of ratT17 with a fragment containing
both HTR5 and HTR4 restored transformation (Figure 7.3A).

Several ratT17 lines

containing HTR5 also restored transformation (Figure 7.2B), whereas lines containing
HTR4 did not (Figure 7.3B). A T-DNA insertion in the first exon of HTR5 severely
decreased transformation (Figure 7.3C). Thus, HTR5 is important for transformation.
Because HTR5 and HTR4 encode identical proteins, differential expression of the HTR5
and HTR4 genes likely accounts for these results.
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Figure 7.1 Evolutionary Relationship Among Arabidopsis Histone H3 Proteins (A) and
Alignment of Histone H3 Protein Sequences (B)
Figure credited to Stan Gelvin. The tree was drawn by TreeView. Alignment of the protein sequences was
conducted using Clustal W. Canonical H3.1 and H3.3 members are shown.

98

99
Figure 7.2 Perturbation of H3K27me3-associated Epigenetic Processes Increases
Agrobacterium-mediated Transformation.
Panels A through E credited to Stan Gelvin, Hidekazu Iwakawa, and Yanmin Zhu. Original data used to
generate Panel F credited to Brett Bishop. (A) Map of the Arabidopsis genomic region containing the HTR4
and HTR5 genes. Fragments containing the HTR4, HTR5, or both genes used for complementation analyses
are indicated. LB, T-DNA left border; (B) Complementation of the ratT17 mutation with an Arabidopsis
genomic DNA fragment containing the HTR5 gene. Pooled root segments of 5-10 wild-type (ecotype Ws2), ratT17 mutant, and ratT17 transgenic plants (T2 generation) containing a wild-type HTR5 gene were
inoculated with the tumorigenic strain A. tumefaciens A438 at a concentration of 107 cfu/ml, and incubated
on MS medium. After two days, the segments were moved to plates containing MS medium plus 100 mg/ml
timentin. Root segments were scored for tumor formation after one month; (C) Schematic maps of the
constructs used for histone overexpression. 2x35S promoter, Cauliflower Mosaic Virus double 35S promoter;
nos terminator, nopaline synthase terminator; (D) Transient transformation of T2 generation Arabidopsis
transgenic lines overexpressing the indicated HTR4 or HTR4 variant cDNAs. Segments from pooled roots of
5-10 plants were inoculated with A. tumefaciens At849, containing the T-DNA binary vector pBISN1, at a
concentration of 106 cfu/ml and incubated on MS medium. After two days, the segments were moved to
plates containing CIM plus 100 mg/ml timentin and incubated for an additional four days. Following X-gluc
staining, the root segments were visualized using a dissecting microscope and scored for the presence of GUS
activity. Numbers above the bars indicate the number of lines assayed for each construct; (E) Stable
transformation of T2 generation Arabidopsis transgenic lines overexpressing the indicated HTR4 or HTR4
variant cDNAs. Root segments were inoculated with A. tumefaciens A348 at a concentration of 106 cfu/ml
and assayed for the formation of tumors. Numbers above the bars indicate the number of lines assayed for
each construct; (F) Incorporation of various histones into chromatin at the indicated genes. ChIP was
performed using an anti-T7 antibody and cross-linked DNA from roots harvested from the following genetic
backgrounds: Wild-type ecotype Wassilewskija (Ws-2), HTR11 overexpressing hypersusceptible plants,
HTR4K27Q overexpressing hypersusceptible plants, and HTR4K27Q overexpressing plants that were not
hypersusceptible to Agrobacterium-mediated transformation. qPCR was used to measure occupancy of the
histones constructs at ACT7, and the following H3K27me3-enriched genes: AGAMOUS (AG), FUSCA 3
(FUS3), and LEC1. The y-axis denotes percent of input DNA brought down for a given immunoprecipitation
and is normalized to H3 occupancy. Error bars represent standard deviation between two technical replicates;
(G) Expression of H3K27me3-regulated genes is altered in the roots of HTR4K27Q and HTR11 plants. RNA
was extracted from the roots of plants overexpressing one of the following constructs: HTR4, HTR11, or
HTR4K27Q. HTR4K27Q samples were collected both from lines that exhibited increased susceptibility to
transformation by Agrobacterium (hypersusceptible, HS) and from lines that did not (not hypersusceptible,
NHS). qRT-PCR was performed to measure transcript levels of the constitutively expressed gene ACT7 as
well as the indicated H3K27me3-dependent genes. 18S rRNA was used as the reference gene and transcript
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levels are normalized to expression in HTR4 roots. Data are representative of three biological replicates. Error
bars represent standard deviation between three technical replicates.

Figure 7.3 Importance of Arabidopsis Histone H3-4 (HTR4) and H3-5 (HTR5) Genes for
Agrobacterium-mediated Transformation
Figure credited to Stan Gelvin and Hidekazu Iwakawa. (A) Map of the Arabidopsis genomic region
containing the HTR4 and HTR5 genes. Fragments containing the HTR4, HTR5, or both genes used for
complementation analyses are indicated. LB, T-DNA left border; (B) Complementation of the ratT17
mutation with an Arabidopsis genomic DNA fragment containing both HTR4 and HTR5 genes. Pooled root
segments of 5-10 wild-type (ecotype Ws-2), ratT17 mutant, and ratT17 transgenic plants (T1 generation,
individual plants) containing wild-type HTR4 and HTR5 genes were inoculated with the tumorigenic strain
A. tumefaciens A438 at a concentration of 107 cfu/ml, and incubated on MS medium. After two days, the
segments were moved to plates containing MS medium plus 100 mg/ml timentin. Root segments were scored
for tumor formation after one month; (C) Complementation of the ratT17 mutation with an Arabidopsis
genomic DNA fragment containing the HTR5 gene. Pooled root segments of 5-10 wild-type (ecotype Ws2), ratT17 mutant, and ratT17 transgenic plants (T2 generation) containing a wild-type HTR5 gene were
inoculated with the tumorigenic strain A. tumefaciens A438 at a concentration of 107 cfu/ml. The assays
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were conducted as in (B); (D) Complementation of the ratT17 mutation with an Arabidopsis genomic DNA
fragment containing the HTR4 gene. Pooled root segments of 5-10 wild-type (ecotype Ws-2), ratT17 mutant,
and ratT17 transgenic plants (T2 generation) containing a wild-type HTR4 gene were inoculated with the
tumorigenic strain A. tumefaciens A438 at a concentration of 107 cfu/ml. The assays were conducted as in
(B); (E) Transformation of a HTR5 T-DNA insertion mutant. Analyses were conducted as in (B), using
heterozygous (hetero) and homozygous (homo) mutant plants of the line SALK_042781.

Of the tested HTR cDNAs, we found that only overexpression of the HTR11 cDNA
increased transformation susceptibility (Tenea et al., 2009). HTR11 is distinguished from
other Arabidopsis H3 proteins by the absence of lysine at amino acid residues 9 and 27
(Figure 7.1B). Modifications of K9 and K27 are important histone H3 epigenetic marks
that alter chromatin structure and affect gene expression (Bartova et al., 2008). To explore
the respective contribution(s) of H3 K27 and/or K9 to transformation, we investigated the
susceptibility of plants that ectopically express HTR4 in which K9 or K27 is altered to the
corresponding residue of HTR11. We replaced HTR4 K9, HTR4K27, or both with the
corresponding amino acid from the HTR11 protein (Figure 7.4). To identify these altered
HTR proteins, we incorporated a C-terminal triple T7 epitope tag. cDNAs encoding tagged
wild-type or altered HTR4 proteins (Figure 7.2C) were introduced into wild-type plants.

Figure 7.4 Amino Acid Sequences of Histone H3-11, H3-4, and H3-4 Variants
Figure credited to Stan Gelvin. Only the N-terminal sequences of the proteins are shown. Lysine residues 9
(K9) and 27 (K27) are indicated.
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We define increased transformation as >twice the transformation frequency shown by
wild-type plants. Only 10-15% of the 20 transgenic lines containing the tagged HTR4 gene
showed increased transformation, similar to that observed by Tenea et al. (2009). When
HTR4 lysines 9 and 27 were changed to isoleucine and glutamine, respectively
(HTR4K9IK27Q), 22% of the 14 lines tested showed increased transformation. This
percentage mirrored that of lines overexpressing HTR11 (15-28%, Tenea et al., 2009). To
determine which lysine change resulted in increased susceptibility, we overexpressed
HTR4K9I or HTR4K27Q. Of the >45 lines containing HTR4K27Q, 27-35% showed
increased transformation.

Of the 24 lines containing HTR4K9I, only 0-8% showed

increased susceptibility (Figure 7.2D and E). Thus, the alteration of HTR4K27 to glutamine,
the corresponding amino acid of HTR11, was sufficient to generate the transformation
hypersusceptibility phenotype.
It is possible that the lack of transformation effect of lines containing HTR4K9I
resulted from less protein expression.

However, protein blot analysis showed no

correlation between the amount of transgene-encoded protein and the susceptibility of these
lines to transformation (Figure 7.5).
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Figure 7.5 Protein Blot Analysis of Tagged Histone H3 Variants Expressed in Transgenic
Arabidopsis Roots.
Figure credited to Stan Gelvin and Hidekazu Iwakawa. Proteins were extracted from roots of the indicated
plant lines, subjected to electrophoresis through SDS polyacrylamide gels, and transferred to a PVDF
membrane. The membrane was reacted with an anti-T7 Tag antibody HRP conjugate and visualized using
Western Blotting Luminol Reagent. The top and middle panels show short and long exposures,
respectively. The bottom panel shows a photograph of a Coomassie Brilliant Blue-stained gel. Numbers
on the left indicate molecular size standards. Lane labels marked in red indicate lines that did not show an
increase in transformation. Lane labels marked in green indicate lines that showed an increase in
transformation.
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To determine if ectopically expressed histones including HTR4K27Q are incorporated into
chromatin, we used ChIP-qPCR to quantify the enrichment of T7-tagged histones at
various loci. We examined three genes known to be enriched for the transcriptionally
repressive epigenetic modification H3K27me3: FUS3, AG, and LEC2, as well as the
constitutively expressed gene ACTIN7 (ACT7). We analyzed incorporation of ectopically
expressed HTR11 as well as ectopically expressed HTR4K27Q. To examine if differential
incorporation of HTR4K27Q accounted for the observed differences in transformation
susceptibility, we examined incorporation of HTR4K27Q in lines that exhibited increased
susceptibility as well as those that did not. Figure 7.2F shows incorporation of HTR11 and
HTR4K27Q at ACT7 as well as at H3K27me3-enriched loci.

We observed greater

incorporation of HTR4K27Q in the hypersusceptible line than in the line that was not,
suggesting that it is the extent of incorporation of HTR4K27Q into chromatin that
determines the hypersusceptible phenotype.
We next examined whether ectopic expression of HTR11 or HTR4 K27Q results in
altered expression of H3K27me3-regulated genes. We examined transcript levels of the
genes examined in Figure 7.2F and the well-characterized H3K27me3 target gene
PHERES1 (PHE1). We observed altered expression, either increased or decreased, of the
four H3K27me3-regulated genes in the roots of HTR11 and HTR4K27Q plants relative to
transgenic lines that ectopically expressed wild-type HTR4 (Figure 7.2G). Importantly, the
transcript level of the constitutively expressed ACT7 gene was not altered in HTR11 or
HTR4K27Q lines even though HTR11 and HTR4K27Q are incorporated at that locus,
suggesting that incorporation of HTR11 and HTR4K27Q specifically perturbs expression
of genes subject to regulation by H3K27me3. Interestingly, HTR4K27Q plant lines that
exhibited transformation hypersusceptibility exhibited extensive derepression of the
H3K27me3-dependent loci.

In contrast, the hypersusceptible HTR11 line exhibited

decreased transcript levels of AG, FUS3, and LEC1. These data suggest that derepression
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of H3K27me3-regulated genes contributes to transformation susceptibility by
Agrobacterium in HTR4K27Q lines, and that misregulation of these genes, both up and
down, contributes to the hypersusceptible phenotype observed in HTR11 plants.
Several plant genes important for transformation are enriched for H3K27me3
(Table 7.1), suggesting that altered expression of these genes in lines expressing HTR11
and HTR4K27Q contributed to the transformation phenotypes. Although most examined
genes did not exhibit altered transcript levels in these lines, two genes, the putative
transmembrane receptor AT14A (Sardesai et al., 2013) and LSH10 (Y. Wang et al.,
submitted), did (Figure 7.6). Altered expression of AT14A or LSH10 alone is not sufficient
to account for the observed transformation phenotype of these lines, as increased
expression of either locus does not perfectly correlate with the transformation phenotype.
Thus, derepression of either of these loci is not predictive of the transformation phenotype.
Instead, the expression data and H3K27me3-enrichment status raise the prospect that the
contributing factor to the increased competence for transformation is the combined action
of the H3K27me3-enriched genes that exhibit altered transcript levels in the histone
overexpression lines.

Table 7.1 H3K27me3 Status of Genes Examined Using qRT-PCR

a

Locus Ida

H3K27me3b

Transcript Levelc

At5g09810

No

Not altered

At4g05320

No

Not altered

At4g18960

Zhang

Altered

At4g22950

Zhang

Not altered

At5g38110

Charron

Not altered

At3g28290

No

Altered

At4g23630

No

Not altered

At3g26790

Zhang

Altered

At1g21970

Zhang

Altered

At2g31160

Zhang

Not altered

At2g42610

Zhang

Altered

At2g40970

Charron

Not altered

At1g65330 Zhang
List of genes examined in this study using qRT-PCR.

Altered
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b

“No” indicates that the gene is not known to be enriched in seedlings. “Zhang” indicates enrichment based

on (Zhang et al., 2007), and “Charron” indicates enrichment based on (Charron et al., 2009) for the cases in
which there is no enrichment based on (Zhang et al., 2007).
c

Indicates whether expression was observed to be altered in the HTR11 and/or HTR4K27Q samples in qRT-

PCR experiments.

Figure 7.6 Expression of AT14A and LSH10 Is Altered in the Roots of HTR4K27Q and
HTR11 Plants.
RNA was extracted from the roots of plants overexpressing one of the following constructs: HTR4, HTR11,
or HTR4K27Q. HTR4K27Q samples were collected both from lines that exhibited increased susceptibility to
transformation by Agrobacterium (“hypersusceptible”) and from lines that did not (“not hypersusceptible”).
qRT-PCR was performed to measure transcript levels of the constitutively expressed gene ACT7 as well as
AT14A and LSH10. 18S rRNA was used as the reference gene and transcript levels are normalized to
expression in HTR4 roots. Data are representative of three biological replicates. Error bars represent standard
deviation between three technical replicates.

Our analyses suggest that overexpression of HTR11 confers increased transformation by a
distinct chromatin-based mechanism that differs from those identified previously.
Incorporation of HTR11 or HTR4K27Q leads to altered expression of H3K27me3dependent genes with respect to plants expressing HTR4, suggesting that incorporation of
these histone variants into chromatin perturbs epigenetic regulation.

Similarly,
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substitutions of lysine 27 in H3 histones with variant amino acids alter both the levels of
epigenetic modifications and gene expression in animals. A mutation that results in
production of H3K27M is associated with the development of highly aggressive pediatric
gliomas (Wu et al., 2012). Nucleosomes containing H3K27M act as inhibitors of PRC2,
and expression of H3K27M reduces levels of H3K27me3 across the genome with a
corresponding derepression of PRC2 target genes (Herz et al., 2014; Justin et al., 2016;
Lewis et al., 2013).
H3K27Q is commonly regarded as a mimic for acetylated H3K27 (H3K27Ac).
H3K27Ac is associated with active chromatin and is present at the promoter of H3K27me3dependent genes when they are transcribed (Karantzali et al., 2008; Pasini et al., 2010;
Schwartz et al., 2010). Thus, the increased transcript levels of H3K27me3-dependent
genes in the HTR4K27Q lines (Figure 7.2G) may result from the presence of HTR4K27Q in
the promoter of these genes, facilitating an active transcriptional state. The observation of
decreased transcript levels in HTR11 lines as well as HTR4K27Q lines that are not
hypersusceptible, however, suggests that the impact of these altered histones on chromatin
structure is likely more complex than simply mimicking the acetylated state.
Although it has been suggested that full-length HTR11 transcript is not expressed
due to the presence of an intron containing the HTR11 start codon (Okada et al., 2005),
RNA-seq and microarray analyses revealed that full-length HTR11 is in fact expressed in
carpels (Martinez-Fernandez et al., 2014; Schmid et al., 2005). This expression raises the
possibility that HTR11 plays a role in epigenetic regulation of gene expression in
developing floral organs. Additionally, the observation that overexpression of HTR11 and
HTR4K27Q can increase susceptibility to Agrobacterium-mediated transformation suggests
that other treatments perturbing the modification state of H3K27 may similarly increase
transformation susceptibility.
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7.2

Materials and Methods

7.2.1 Construction of Plasmids
HTR4 and HTR11 cDNAs were obtained as plasmids E2817 and E2819, respectively
(Tenea et al., 2009). To construct plasmids for transient assays, histone cDNAs were
cloned into pRTL2 (Restrepo et al., 1990) under the control of a Cauliflower Mosaic Virus
double 35S promoter. EcoRI/XbaI fragments from E2817 and E2819 were cloned into the
EcoRI/XbaI sites of pBluescript SK (+) to generate E3903 and E3904, respectively.
Synthetic nucleotides (BamXbaT7Spe-1 and BamXbaT7Spe-2) that encode a triple T7
epitope tag were cloned into the BamHI/SpeI sites of pRTL2-GUS (Restrepo et al., 1990)
to generate E3905. BamXbaT7T7Spe-1 and BamXbaT7T7Spe-2 were cloned into the
BamHI/SpeI sites of E3905 to generate E3906. cDNAs of HTR4 and HTR11 were
amplified using primers T3/HTR4rev and T3/HTR11rev, respectively. Amplified cDNAs
were digested by EcoRI/XbaI and inserted into the EcoRI/XbaI sites of E3906 to generate
E3907 and E3911. For introducing the HTR4K9I or HTR4K27Q mutations, the HTR4
cDNA was amplified using primers containing the corresponding mutation. To generate
H3K9I, the 5' and 3' halves of HTR4 were amplified using primers T3/HTR4K9I-1 and
HTR4K9I-2/HTR4rev, respectively. Amplified fragments were mixed, denatured, and
annealed for the preparation of template for a second round of PCR. The HTR4K9I cDNA
was amplified using primers T3/HTR4rev. The amplified fragment was digested with
EcoRI/XbaI and inserted into the EcoRI/XbaI sites of E3906 to generate E3908. The
HTR4K27Q cDNA was amplified as described above with the primers T3/HTR4K27Q-1
and HTR4K27Q-2/HTR4rev for the first round of PCR and with the primers T3/HTR4rev
for the second round of PCR. To construct the HTR4K9IK27Q cDNA, the K27Q mutation
was introduced into HTR4K9I as described above.

Amplified DNA fragments

corresponding to HTR4K9I and HTR4K9IK27Q were digested with EcoRI/XbaI and inserted
into the EcoRI/XbaI sites of E3906 to generate E3909 and E3910, respectively. For stable
transformation assays, DNA fragments including the 35S promoter, the histone cDNA, and
the nos terminator from E3907, E3908, E3909, or E3910, which were digested by HindIII
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and blunted, were cloned into the SmaI site of the T-DNA binary vector pCB302 (Xiang et
al., 1999) to generate E4192, E4193, E4194, and E4195, respectively. PstI fragments
containing the 35S promoter, HTR11-T7, and the nos terminator from E3911, were cloned
into the PstI site of pCB302 to generate E4196.

7.2.2 Floral Dip Transformation
Transgenic plants were generated by a flower dip transformation protocol (Clough and
Bent, 1998). Floral buds of Arabidopsis ecotype Ws-2 were used for transformation with
A.tumefaciens EHA105 (Hood et al., 1993) containing various T-DNA binary plasmids.
Transformants were selected on MS medium (Murashige and Skoog, 1962) containing 2%
sucrose, 10 mg/l phosphinothricin, and 100 mg/l timentin.

7.2.3

Transient and Stable Agrobacterium-mediated Transformation Assays

We conducted Agrobacterium-mediated transformation (AMT) assays as described
previously (Mysore et al., 2000; Nam et al., 1999; Yi et al., 2002), with the exception
described below. In brief, Arabidopsis plants, initially selected on MS medium containing
phosphinothricin and timentin, were grown in baby food jars containing MS medium for
2-3 weeks at 25°C. Root segments (2 to 5 mm) were infected for two days with the A.
tumefaciens At849 or A208 for transient or stable assays, respectively (Zhu et al., 2003).
The infecting bacterial concentration was either 105 or 106 cfu/ml. For transient AMT
assay, after two days cocultivation, root segments were washed and cultured on MS
medium containing 5 mg/l indole acetic acid (IAA), 0.5 mg/l 2,4-Dichlorophenoxyacetic
acid (2,4-D), 0.3 mg/l kinetin, and 100 mg/l timentin. After 4 d further cultivation,
histochemical staining was performed according to (Jefferson et al., 1987), with
modifications. Root segments were incubated in GUS staining solution (2 mM 5-bromo4-chloro-3-indolyl-β-d-glucoronide (X-gluc), 100 mM sodium phosphate, pH 7.0, 0.1 mM
K3[Fe(CN6)], 0.1 mM K4[Fe(CN6)]) at 37°C overnight. For stable AMT, after two days
cocultivation root segments were washed and separated onto solidifed MS medium
containing 100 mg/l timentin. Tumors were scored 3-4 weeks later.
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7.2.4

Immunoblot Assays

Proteins were extracted from Arabidopsis roots into sample buffer (62.5 mM Tris [pH6.8],
2% SDS, 5% glycerol, 0.005% bromophenol blue, and 0.1 M 2-mercaptoethanol), from
plants selected on MS medium containing phosphinothricin and timentin, and grown in
baby food jars containing MS medium for 3 weeks at 25°C. Cell debris was removed by
centrifugation and the supernatant solution was used. A total of 200 μg of proteins were
boiled for 10 min and subjected to SDS-PAGE through a 12.5% polyacrylamide gel.
Proteins were transferred to a Hybond-P polyvinylidene difluoride (PVDF) membrane
(Amersham Biosciences) in transfer buffer (10 mM Tris-HCl, 192 mM glycine, 20%
methanol). The membrane was blocked overnight at room temperature in 5% skimmed
milk dissolved in Tris-buffered saline containing 0.1% Tween-20 (TBS-T), washed twice
in TBS-T, incubated with a T7-Tag antibody HRP conjugate (Novagen), and visualized
using Western Blotting Luminol Reagent (Santa Cruz Biotechnology).

7.2.5
Sequences

of

13

Multiple Alignment and Construction of Trees

histone

H3s

were

obtained

from

the

TAIR10

database

(http://www.arabidopsis.org/). Alignment and a tree of all Arabidopsis histone H3 DNA
sequences were constructed using Clustal W (Thompson et al., 1994). The tree was drawn
by TreeView (Page, 1996).

7.2.6

RNA Isolation and Analysis

Total RNA was isolated using a Qiagen RNeasy Plant Mini Kit (Cat # 74904) from the
roots of three-week-old wild-type Ws-2 plants as well as Ws-2 plants overexpressing the
following constructs:

HTR4, HTR11, HTR4K27Q (hypersusceptible plants), and

HTR4K27Q (not hypersusceptible plants). The RNA samples were DNase-treated and
concentrated using the Zymo Research RNA Clean & Concentrator kit (Cat # R1013).
First-strand cDNA synthesis and qRT-PCR were performed as described previously
(Carter et al., 2016). Oligonucleotide primers used for qRT-PCR analyses are described in
Table 7.2.

Table 7.2 Oligonucleotide Primers Used in this Study
Gene Target

AGI Code

Application

Primer 1 Sequence

Primer 2 Sequence

18S rRNA

---

qRT-PCR

GGTCTGTGATGCCCTTAGATGTT

GGCAAGGTGTGAACTCGTTGA

ACT7

At5g09810

qRT-PCR

CATTCAATGTCCCTGCCATGT

GGTTGTACGACCACTGGCATAG

ACT7

At5g09810

ChIP

GTTCGTGGTGGTGAGTTTGT

TCAATTCCCATCTCAACTAGGGA

AG

At4g18960

qRT-PCR

AACCGTTTGATTCACGGAATTATT

GCGGATGAGTAATGGTGATTGTT

AG

At4g18960

ChIP

AAGTAATGGTAAGTAGAGTCTGCATCTCA

GGGTAGTTCTTGTGTGGTCTTTCA

AGL19

At4g22950

qRT-PCR

GCTTGAGCAGGATAAGAGCC

GTTCCCATTCCAAGCCACTT

ASF1B

At5g38110

qRT-PCR

TGGTCCTGTTAACGTTGGGA

AACGGATCTGGAGAGTCAGC

AT14A

At3g28290

qRT-PCR

CGTTCACCTCTGATGCCAAA

CTCCTTGTATGCTGCGTGTT

BTI1

At4g23630

qRT-PCR

GCTGTTGAGGTTGTGGAGAG

ATCACCACCGTGATGGATCT

FUS3

At3g26790

qRT-PCR

CGGCTCTTACCTCCAACGATAC

GAATGTTCCGAACTTGGAGTAATAATT

FUS3

At3g26790

ChIP

AACCAATGGTAAACCCAAATCTCT

AGGCTTAAAATGGACGCTGG

LEC1

At1g21970

qRT-PCR

AAGCCGGCATTCCGTTAAT

GGTCGTCGGGTCAAGATGAA

LEC1

At1g21970

ChIP

CAATGGTATCGTGGTCCAGC

ACGTTTGCGATTGGCATGTA

LSH3

At2g31160

qRT-PCR

CCCCAATTGATGGAAGGCTC

ACGGAGGAGGAGTTGTTTGA

LSH10

At2g42610

qRT-PCR

CGTTACGAGTCGCAGAAGAG

AGGCGGTCTCTGATTCTTCA

MTF1

At2g40970

qRT-PCR

GGGAACGGTAACGGAATCAC

GCCGAATCAGAGACGATGAC

PHE1

At1g65330

qRT-PCR

AGCTCCTACTGTTGTGGATGCA

CTGATTTTGGTTTTGATCTTGAATCA

UBQ10

At4g05320

qRT-PCR

TGGTCTTTCCGGTGAGAGTCTTCA

CACACTCCACTTGGTCTTGCGT

BamXbaT7Spe-1

---

Plasmid Construction

GATCCAATTCTAGAATGGCTAGCATGACTGGTGGACAGCAAATGGGTTGAA

BamXbaT7Spe-2

---

Plasmid Construction

CTAGTTCAACCCATTTGCTGTCCACCAGTCATGCTAGCCATTCTAGAATTG

BamXbaT7T7Spe-1

---

Plasmid Construction

BamXbaT7T7Spe-2

---

Plasmid Construction

T3

---

Plasmid Construction

GATCCTCTAGAATGGCTAGCATGACTGGTGGACAGCAAATGGGTACTAGAATGGCT
AGCATGACTGGTGGACAGCAAATGGGTA
CTAGTACCCATTTGCTGTCCACCAGTCATGCTAGCCATTCTAGTACCCATTTGCTGTC
CACCAGTCATGCTAGCCATTCTAGAG
AATTAACCCTCACTAAAGGG

HTR4rev

---

Plasmid Construction

AACCTCTAGAAGCGCGTTCACCTCTGATACG

HTR11rev

---

Plasmid Construction

AACCTCTAGACTCTCCTCGAGCTCTCTCACC

HTR4K9-1

---

Plasmid Construction

CTCCGGTGGATATACGAGCGGTTTG
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7.2.7

ChIP Analysis

ChIP was performed as previously described (Zhang et al., 2012) with the following
modifications:

3 g of three-week-old root tissue was harvested from plants of the

genotypes listed above. Chromatin was sheared into ~250-750 bp fragments by sonication
using a Covaris E220 sonicator. The samples were diluted 3-fold in ChIP dilution buffer
(1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.0, and 167 mM NaCl). 500
µl of the supernatant solution was used for each immunoprecipitation. Millipore anti-T7
antibody (Cat # ab3790) was added at 1:100 dilution and the tubes were rotated at 4 ºC for
~15 hours. 50 µl of Dynabeads Protein G (Invitrogen Cat # 100.04D) were equilibrated
with ChIP Dilution buffer (described above) as a 50% slurry and added to each tube.

Table 7.3 Plasmids Used in this Study
E. coli DH10B
strain and
marker

Reference

Gene

Description

Binary vector

E2786, kan

Tenea et al., 2009

HTR4

PstI fragment from pRTL2-GUS (containing the CaMV 35S promoter-gusA-35S
terminator) was made blunt and cloned into pCB302 which was cut with EcoRI and XbaI
and made blunt. The gusA gene can be removed by digestion with EcoRI or XhoI at the 5’
end, and BamHI or XbaI at the 3’ end.
HTR4 cDNA cloned as EcoRI/XbaI fragment into E2786

E2817, kan

Tenea et al., 2009

HTR11

HTR11 cDNA cloned as EcoRI/XbaI fragment into E2786

E2819, kan

Tenea et al., 2009

HTR4

HTR4 cDNA cloned as EcoRI/XbaI fragment into pBluescript SK (+)

E3903, amp

This study

HTR11

HTR11 cDNA cloned as EcoRI/XbaI fragment into pBluescript SK (+)

E3904, amp

This study

T7

Single T7 epitope tag was cloned into BamHI/XbaI sites of pRTL2-GUS

E3905, amp

This study

3xT7

Triple T7 epitope tag was cloned into BamHI/XbaI sites of pRTL2-GUS

E3906, amp

This study

HTR4 cDNA was cloned as EcoRI/XbaI fragment into E3906

E3907, amp

This study

HTR4K9I cDNA was cloned as EcoRI/XbaI fragment into E3906

E3908, amp

This study

HTR4K27Q cDNA was cloned as EcoRI/XbaI fragment into E3906

E3909, amp

This study

HTR4K9IK27Q cDNA was cloned as EcoRI/XbaI fragment into E3906

E3910, amp

This study

HTR11-3xT7

HTR11 cDNA cloned as EcoRI/XbaI fragment into E3906

E3911, amp

This study

HTR4-3xT7

CaMV 35S promoter::HTR4-3xT7 clones as HindIII/blunt into pCB302

E4192, kan

This study

CaMV 35S promoter::HTR4K9I-3xT7 clones as HindIII/blunt into pCB302

E4193, kan

This study

CaMV 35S promoter::HTR4K27Q-3xT7 clones as HindIII/blunt into pCB302

E4194, kan

This study

CaMV 35S promoter::HTR4K9IK27Q-3xT7 clones as HindIII/blunt into pCB302

E4195, kan

This study

CaMV 35S promoter::HTR11-3xT7 clones as PstI into pCB302

E4196, kan

This study

HTR4-3xT7
HTR4K9I-3xT7
HTR4K927Q-3xT7
HTR4K9IK27Q-3xT7

HTR4K9I-3xT7
HTR4K927Q-3xT7
HTR4K9IK27Q-3xT7
HTR11-3xT7

1
Table credited to Stan Gelvin.
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CHAPTER 8. FUTURE DIRECTIONS

8.1

PKL and Reproductive Development

In chapter 2, we identified several maternal reproductive processes that are dependent on
PKL. In addition, we uncovered opposing roles for PKL and its seed-specific paralog PKR2
in determining seed size. Both of these areas provide ample room for future discovery.
First, the mechanism by which PKL and PKR2 affect seed size is not known. Genes
that influence seed size in Arabidopsis have been characterized (Li and Li, 2016; Luo et
al., 2005). These genes are potential downstream targets of PKL and PKR2 in the seed.
Transcript analyses in developing seeds in pkl and pkl pkr2 plants could investigate whether
these genes exhibit PKL- and/or PKR2-dependence. Though comparison of WT and pkl
transcripts during seed development is complicated by loss of synchronicity in embryo
developmental timing, loss-of-function pkr2 lines are considerably easier to study due to
the lack of discernable root, shoot, and embryo phenotypes in such plants. Thus, the
contribution of PKR2 to gene expression in the seed should be easily assayed using RNAseq technology. DEGs identified in this way would represent potentially novel factors that
affect seed size in Arabidopsis. Since seed size is an important agronomic trait, identifying
novel genes that contribute to determination of this trait would be economically valuable.

115
The observation that pkl seeds exhibit increased sensitivity to paternal genomic
excess raises the possibility that PKL is involved in genomic imprinting, which is important
for balancing dosage of the male and female genomes in the seed endosperm (Rodrigues
and Zilberman, 2015). Intriguingly, H3K27me3 plays a key part in genomic imprinting in
plants, and is also strongly PKL-dependent in the shoot (Moreno-Romero et al., 2016;
Rodrigues and Zilberman, 2015; Zhang et al., 2008). Unfortunately, it is not trivial to
investigate the contribution of PKL to gene expression in the developing seed due to the
asynchronous embryo development in pkl mutants. One technique that may have promise
is examining expression of genes in the seed that have differentiable parental alleles. For
example, crosses between two different ecotypes of Arabidopsis with slightly different
genome sequences could generate a seed product in which the transcripts from each parent
are distinguishable. Such a strategy has been used to examine imprinted expression in
mutant Arabidopsis lines in the past (McKeown et al., 2011; Wolff et al., 2011). It would
also be of interest to examine gene imprinting in pkr2 seeds, which have the advantage of
phenotypically normal embryo development. However, the lack of a phenotype in pkr2
seeds also renders it unlikely that the pkr2 mutation strongly perturbs imprinting.
I am currently generating constructs to inducibly express PKR2 throughout the
plant using the dex-inducible pOpOn system (Craft et al., 2005). An inducible PKR2
construct will allow us to investigate the effects of PKR2 in other tissues and may clarify
its biological role in the developing seed. Further, PKR2 lacks the PHD zinc finger that is
characteristic of CHD3-family remodelers, and thus ectopic expression of PKR2 may have
a similar effect as expression of the pklΔPHD domain deletion construct. If pkl phenotypes
are observed in plants ectopically expressing PKR2, it suggests that the loss of the PHD
may act as a dominant negative and thus shed light on the role of PKL in the adult plant.

8.2

PKL and H2A.Z

The research presented in chapter 3 revealed that PKL promotes H2A.Z levels in chromatin.
In addition, we uncovered a role for PKL and CLF in promoting expression of stress
response genes. We are currently undertaking ChIP-seq analyses to determine the sets of
genes that are enriched for H3K27me3 and H2A.Z in our various mutant backgrounds.
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Once these analyses are complete, we will be able to determine whether the DEGs
identified in our mutants are preferentially enriched or depleted for either of these marks.
Such knowledge would be useful in drawing conclusions about the types of genes that are
most likely to be subject to regulation by CLF, PKL, and/or PIE1. Further, the ChIP-seq
analyses will identify genes that exhibit differential enrichment of these marks between our
various mutants. Currently, we only know that PKL promotes H2A.Z at specific loci. We
will shortly be able to determine whether this relationship holds true across the genome,
and also how the H2A.Z phenotype of pkl compares to that of pie1.
Another valuable aspect of the ChIP-seq analysis is the ability to investigate
crosstalk between the H2A.Z and H3K27me3 pathways. If H2A.Z is reduced in clf, which
lacks an H3K27 methyltransferase, it would prompt us to undertake further experiments to
examine whether H3K27me3 is necessary for H2A.Z deposition or maintenance in
Arabidopsis. Conversely, if we observe a reduction in H3K27me3 levels in pie1, we would
investigate whether H2A.Z facilitates deposition or maintenance of this modification.
Testing the latter hypothesis is made simpler by the availability of T-DNA knockout alleles
for genes encoding H2A.Z variants (Coleman-Derr and Zilberman, 2012).
In addition to the ChIP-seq analyses, it would be interesting to cross the pie1
knockout allele into the inducible PKL-GR line. Since the putative pkl pie1 homozygous
knockout seedlings have severe developmental defects, it is challenging to examine later
development and fertility. Using a PKL-GR pie1 line, the plants could be grown in the
presence of dex to maintain PKL activity, and dex could be removed after the window of
early development. Not only would it be possible to examine phenotypes of adult plants
deficient in both remodeling pathways, it would also become feasible to accumulate
enough tissue to perform ChIP and qRT-PCR analyses. Further, this tool will allow us to
distinguish between two models of the contribution of PKL to H2A.Z. In one model, the
remodeling activity of PKL renders the chromatin into a suitable substrate for PIE1, and
thus PKL would promote H2A.Z through a PIE1-dependent pathway. The alternative
model is that PKL possesses the ability to assemble H2A.Z into chromatin independently
of PIE1. Using the PKL-GR pie1 line, we can examine the levels of H2A.Z in chromatin
in the absence of dex and in the presence of dex and compare them to those in pie1 plants.
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If the PKL-GR pie1 line without dex exhibits levels of H2A.Z that are lower than those in
plants missing PIE1 alone, it would reveal a role for PKL in H2A.Z that is independent of
PIE1. This analysis will greatly clarify how PKL contributes to H2A.Z-related processes.

8.3

PKL and H3K56ac

The sirtuin inhibitor nicotinamide was found to be an enhancer of pkl phenotypes. Further,
treatment with nicotinamide resulted in increased H3K56ac levels in seedlings, raising the
possibility that this epigenetic modification affects pkl phenotypes. The histone
acetyltransferase inhibitor curcumin, which inhibits deposition of H3K56ac in animals
(Balasubramanyam et al., 2004), was found to suppress the effects of nicotinamide on pkl
phenotypes. Crucially, it did not suppress the elevated pickle root penetrance induced by
the gibberellin biosynthesis inhibitor uniconazole, indicating that nicotinamide and
curcumin likely enhance pkl phenotypes through a novel pathway. Further studies of the
interaction between H3K56ac and PKL will need to involve reverse genetics.
Knockout of SIRTUIN 1 in a pkl background would provide a possible approach for
determining whether H3K56ac is indeed involved in determining pkl phenotypes.
Unfortunately, we have been unable to obtain a SRT1 T-DNA knockout line, suggesting
that SRT1 is necessary for viability in Arabidopsis. As an alternative strategy, I am
developing an inducible artificial microRNA to knock down SRT1 expression using the
WMD3 and pOpOn systems (Craft et al., 2005; Schwab et al., 2006). Using this construct,
application of dex will induce expression of the anti-SRT1 microRNA, and thus should
abolish SRT1 expression only when dex is applied. This construct will allow us to
determine whether SRT1 is required for viability, will provide a method template to
generate inducible microRNAs for other gene targets, and will potentially provide insight
into the role of H3K56ac in Arabidopsis development. The relevant H3 acetyltransferases
are also possible targets for knockout in this manner, although they are very poorly
characterized.
To fully understand the interaction between H3K56ac and PKL, characterization of
the effect of pkl on cell cycle dynamics may be in order. It is known that H3K56ac is
associated with the cell cycle and DNA replication in animals and yeast (Kaplan et al.,
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2008; Stejskal et al., 2015). However, the contribution of PKL to cell cycle regulation, and
the effect of cell cycle regulation on the PKL pathway, have not been investigated. Thus,
any effect of pkl on H3K56ac will need to be interpreted in light of a potential effect on the
cell cycle.
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